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TRANSLATOR'S PREFACE. 



In presenting to the English reader the Second Part of 
" Peschel's Elements of Physics," I may observe that it 
was with feelings of considerable satisfaction I received an 
intimation from my publishers that the sale of Part I. was 
so encouraging as to render it desirable that the work 
should be completed with as little delay as possible. It 
was gratifying to find that the estimate I had formed of 
the merits of my author was thus confirmed by the verdict 
of public opinion. The brief intervals of leisure which 
professional engagements have allowed me have been faith- 
fully devoted to the preparation of these volumes. 

I am bound to acknowledge the handsome treatment of 
the First Volume by the reviewers in general ; and to the 
editors of the Eclectic Remew and the Civil Engineer and 
Architect's Journal my thanks are especially due for their 
lengthened notices of it. The suggestion offered as to the 
reduction of all the measures to English standards has 
been attended to in th6 present Volumes. The different 
formulae which occur in the Chapter on Heat have been 
adapted to Fahrenheit's scale; those calculated for the 
centigrade division are likewise retained for the convenience 
of any students who may have occasion to refer to foreign 
scientific works. Instead of a table of the tension of 
steam from 32° to 212°, calculated from Arzberger's 
formula^ I have substituted one at page 223., Vol. II., 
presenting at a single view the results of Watt's, Dalton's, 
Ore's, and Southern's observations, together with the force 
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VI TRANSLATOR S PREFACE. 

according to a formula of Tredgold's ; the tables which I 
have thus brought together are borrowed from that gentle- 
man's work on the steam-engine. 

Instead of detaining the reader with any remarks of my 
own as to the general plan of the work^ I would call his 
attention to the extract given on the next page from M, 
Peschel's Preface. 

I have added corrections of such errors in the first 
Volume as had escaped my notice at the time of its passing 
through the press; I have endeavoured to render the 
present Volumes as accurate as possible ; how far I have 
been successful, it remains for the public to decide. Any 
suggestions that may be offered for the improvement of a 
second edition will be thankfully received. 

Amersham, 
Jvly 14. 1846. 
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EXTRACT 



THE AUTHOR'S PREFACE. 



" A MATTER of considerable difficulty in the preparation 
of a manual like the present is to determine the just pro- 
portions of the respective sections, chapters, and para- 
graphs, so that the subject shall be treated of in a manner 
neither too brief nor too diffuse. The purpose for which 
the treatise is intended will chiefly guide the author, who 
may yet, after all, be biassed to some extent by his indi- 
vidual views; for this reason a few remarks are added, 
explanatory of the course pursued; 

^^ Among the Chapters that treat of the physical forces 
in general is one in which the leading phenomena of 
chemical attraction are explained. The varied relations in 
which Chemistry now stands to Natural Philosophy renders 
some acquaintance with its leading principles indispensable, 
OT else many points in natural science, and especially what 
refers to Electricity, will be unintelligible. The chapter 
allotted to this subject is restricted to an explanation of the 
laws of affinity, the chemical division of substances into 
simple and compound, and chemical nomenclature and 
symbols; details as to the properties of particular sub- 
stances are omitted, as belonging rather to a treatise on 
chemistry. The dynamics and statics of solid, liquid, and 
aeriform bodies are treated of in such a manner that a 
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viii THE author's frbface. 

student may gain a theoretical knowledge of them without 
the aid of the higher mathematics. Crystallography 
occupies only a few pages^ but the strength of materials, 
and the application of a solid's elasticity to measure force^ 
are discussed at length. As the undulatory theory is con- 
stantly extending its domains in the physics of imponder- 
able bodies, and is daily gaining new adherents^ it is neces- 
sary to keep it in view in compiling a work on the natural 
sciences. The basis of this important theory is the doc- 
trine of undulations, for the scientific development of 
which we are indebted to the MM. Weber. Professor 
Eiseulohr's services in this department are so great, and 
his views so comprehensive, that the chapter on this subject ' 
in his excellent " Lehrbuch der Physik," appeared to the 
author an unexceptionable model, and he has accordingly 
adopted the same systematic arrangement In the section 
on acoustics, but a cursory notice has been taken of the 
theory of music, as being most in accordance with the 
character of this work. 

'^ In the Second Volume the phenomena of the impon- 
derable substances are explained, both according to the 
undulatory and corpuscular theories ; in this portion of the 
treatise the phenomena attending the interference, the re- 
fraction, and polarisation of light, those of radiant heat, 
&c. &c., will be found to be handled at such length as the 
limits of the work aUowed. The greatest difficulty was 
how to treat of Electricity, especially with reference to the 
theory of voltaic electricity, the range of electrical science 
having become so extended, and the decision of the 
scientific world being still suspended with regard to the 
different theoretical views which are held as the origin of 
voltaic electricity. The author felt that he must adopt" 
one view or the other ; and though he has decided in _ 
favour of the theory of contact, he has not omitted to 
adduce the strongest arguments by which the chemical 
theory is supported ; and, in conclusion, he has presented 
the reader with the sketch of an intermediate theory. The 
last section treats of Electro- dynamics, the phenomena of 
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£lectro-magnetisin being first brought under review, and 
afterwards those of Magneto-electricity. 

*^ A different arrangement of the type" [which has been 
adopted also in the translation] *' distinguishes the para- 
graphs that contain the outline and general principles of 
the sciences from the supplementary matter, which enters 
more into detail; it is thought that this plan will be 
found convenient both for teaching and for self-instruction^ 
as affording an opportunity of going more or less 
thoroughly into the subject, as may' appear desirable. 

" These supplementary observations contain also the 
mathematical demonstrations of the different doctrines, so 
far at least as they can be supplied by means of the ele- 
mentary mathematics ; experiments which may give the 
impress of truth to the theoretical paragraphs; brief 
notices of matters universally known or of minor import- 
ance ; and fuller details of subjects less generally known, 
or with which 'it is desirable that the student ^ould be 
well acquainted." 
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ELEMENTS : 



PHYSICS OF IMPONDERABLE BODIES. 



IMPONDERABLE SUBSTANCES, OR ETHEREAL 
POWERS IN GENERAL. 

§270. 

The phenomena of Light, Heat, Electricity, and Magnetism are 
so peculiar in their nature that we cannot assume that they 
result from those general and fundamental properties of matter 
which have been treated of in the former volume of this work. 

The distinguishing characteristic of these substances (if such 
they be) is, that they are not permanently resident in those 
bodies in which their presence is observed: they also dTect 
our senses peculiarly ; thus, light excites no organs but those of 
vision, heat acts only on our feeling ; electricity, on the contrary, 
influences all our senses, whilst magnetism exerts upon our 
frames no perceptible influence whatever. Light appears to be 
diffused tluron^out the universe, but heat, electricity and mag- 
netism, have not as yet been proved to exist beyond the limits of 
our globe ; it is, however, highly probable that their range is as 
vide as that of light. 

§271. 

The generally prevailing theories by which it is proposed to 
explain the various phenomena of the imponderable substances 
are two. 

Some philosophers assume for this purpose the existence of a 
peculiar class of substances differing from all the other forms of 

VOL. II. B 
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2 LAWS OF POLARITY. 

matter in this, that -fhey are not subject to the laws of gravity, 
and that they are consequently destitute of weight, whence the 
term Imponderable Substances : they further suppose them to be of 
so subtile a nature as to pass through aU other material bodies, 
by which, therefore, they cannot be either inclosed or divided. 

According to the other hypothesis, a certain imponderable, 
highly elastic fluid, styled the etJier, is supposed to fill all space 
throughout the universe, and to occupy the vacancies between 
the atoms of bodies : on this fluid different forces are conceived 
to act, so as to produce the effects known to us as light, heat, 
etc. 



§ 272. 

These ethereal forces, whose nature is involved in great 
obscurity, possess one remarkable property, called PolaritT/y which 
is most perfectly developed in electricity and magnetism. 
Polarity consists in the tendency shown by two contrary polar 
forces to become united, and in the efforts of each polar force to 
excite its opposite in other bodies, whence similar polar forces 
invariably repel each other. When these opposite forces effect such 
a union as mutually to destroy each other's energies, all their ex- 
ternal operations cease, and the forces are said to be neutralised and 
the condition thus obtained is one of equilibrium or rest. Polar 
energy displays itself in a disturbance of the polar forces by external 
causes, and this disturbance continues until a perfect neutralisation 
is re-established. When the forces are in this state of activity a 
body is said to be polarised, and the points at which their energy is 
most strongly marked are denominated poles. The signs + and—, 
Which represent opposite values in mathematics, have been 
adopted as the symbols of these forces; whence the law of 
polarity may be thus expressed; + and —polarity represent at- 
traction, + and + or — and — repulsion, and equal + and — give 0, 
i, e. neutralisation, equilibrium, or rest. 

From the rapid advances recently made' in this department 
of natural science, and from the analogies which present 
themselves between light and heat, electricity and magnetism, 
we are led to the conclusion that, probably, the phenomena 
of these four ethereal forces are, after all, but modifications 
of a higher principle with which we are not yet acquainted ; 
a principle that, perhaps, plays an important part in the 
obscure operations of that vitality which animates all organ- 
ised beings. 
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PART I. 

LIGHT, HEAT, MAGNETISM. 



SECTION I. 
LIGHT. 

I. OF LIGHT IN GENERAL. 

§273. 

Light renders all external objects visible ; the organ through 
the medium of which we become acquainted with the universe 
around us is the eye, as the action of light upon it immediately 
affects the optic nerve. Light has also the property of cvm- 
municating heat and producing certain chemical, electrical, and 
magnetic (9) effects, so that it exercises an important influence on 
all organised bodies. 

In the following chapters those phenomena which are 
caused by the first-named property of light will be described 
and explained, and such as result from the other properties 
we have mentioned will be noticed at the close of this 
section, and in the sections on Heat, Electricity, and Mag- 
netism. 

§ 274. 
To give a complete explanation of the various phenomena of 
light, it would be requisite for us to have an accurate knowledge 
of its nature : since we do not possess this, recoursie has been had 
to theories, two of which are the most generally received, viz., 
the Emanation or Corpuscular Theory, and the Undvlatory 



According to the former of these hypotheses, light is an im- 
ponderable substance, whose inconceivably minute particles 
produce the sensation of sight by their action on the eye, in a 
manner analogous to that in which the fine particles of any 
odorous substance excite the sense of smell. The atoms of 
light are further supposed to be subject to the attractive and 
repulsive forces of the bodies on whose surfaces they fall, and 
with regard to these forces to display different degrees of inertia. 
Newton originally constructed this hypothesis, which has 
been still further developed by Biot and Laplace, 
According to the Undulatorg Theory, light is occasioned by 
the ether, which is supposed to be diffused throughout space 
(§271.); this subtile and elastic fluid, whose density and elasti- 
B 2 
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4 LUMINOUS BODIES. 

'oity ar^ noi untfonn oh iincbA^geable, is capable of receiving and 
transmitting undulatory movements ; it is further assumed that 
when a certain velocity has been attained, the waves of ether, 
impinging on our eyes, excite the emotion of sight, just as the 
waves of air excite that of hearing. To explain most of the 
phenomena of light, reference may be made to others of sound, 
which exactly resemble them. 

This hypothesis was originally founded by Desaxriea, 
Huygent, and Euler ; and in later times it has been adopted 
and enlarged by Youngs Fregnel, Frauenhofer, Hersehd, and 
other philosophers. 

The greater number of phenomena may be equally well 
explained by either theory, yet it must be admitted that 
some of the more recently discovered properties of light are 
more satisfiictorily accounted for by the second hypothesis, 
for which reason it now numbers most adherents. 

§275. 

With respect to the production of light, bodies are divided 
into ikminous and non^nUnoua, 

Luminous bodies are those different sources whence light 
emanates, and which are thus visible of themselves. The greatest 
permanently luminous body is the sun : the fixed stars resemble 
him but in the effects they produce, so fisur as we are concerned, 
they are vastly inferior, flodies in a state of combustion, whose 
efficacy is, however, but transient, are extremely serviceable as 
sources of light. 

According to the corpuscular theory, light issues in an 
uninterrupted stream from the luminous body ; according to 
the undulatory theory the surface of such a body is set in a 
state of vibration, and the tremor is communicated to the sur- 
rounding ether, resembling in this a sonorous body. 

The various luminous bodies which serve as the sources of 
light may be classed pretty much as follows : — 

1^) All those heavenly bodies which shine by their own 
light ; of these, as has been remarked already, the sun is the 
chief. 

' 2^) Chemical light, or that which is obtained by com- 
bustion. 

3^) Electric Light, which under various modifications 
accompanies the development of electricity ; thb will be 
treated of more fully in the section on Electricity. 

4°) Light by Friction, which is obtained by rubbing 
together, or striking either similar or dissimilar bodies, (not, 
however, all bodies without exception,) either in vacuo, or 
in gases, which are not sujpporters of combustion, or even, ac- 
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SOURCES OF LIGHT. 



cording to Ikinmh, under water and oil ; tbifl species of light 
seems to be of an electrical nature, unless, indead, it is merely 
the luminous appearance of the fragments detached from com- 
bastible bodies. Similar appearances maj be obserred in 
splitting or rending some solid bodies, especially crystals, as 
weN as in the sudden condensation and expansion of gases, 
and in the sudden and Tiolent compression of liquids. 

Pho^horetcent Light is that which is emitted by many 
bodies at a low temperature^ and is unaccompanied by any 
essential alteration in their properties ; it is so feeble as to be 
scarcely perceptible except in the dark The luminous 
appearance of common phosphorus is the result of chemical 
action, for it obtains only when this substance is in com- 
bination with oxygen or chlorine. Of this light there are 
three kinds : 

5) Phosphoreicence by ins^Uxtion is a property possessed by 
many bodies, in consequence of which, after long exposure 
to the sun*s rays, they become luminous in the dark. Wall 
first discovered this property in the diamond ; but it has 
been subsequently found to exist in several other minerals, 
especially in certain varieties of fluor-spar. There are also 
several chemical compounds, as the Bologna Stone and 
others, which retain for several hours the luminous property 
they acquire by being instated. It does not cease even 
when the phosphorus is immersed in water, or in gases 
which are not supporters of combustion. These bodies 
become luminous in the dark, on the application of heat to 
them. The cause of this phosphorescence is not yet known 
with any considerable degree of accuracy. 

6) The Phosphorescence of organic remaina in a state of 
decomposition. The luminous appearance of touch-wood is, 
perhaps, the most generally known illustration of this pro- 
perty in decayed vegetable matter ; the same phenomenon 
may be observed in animal matter, especially in sea-fish, on 
which a luminous film is formed. In all these cases phos- 
phorescence seems to be owing to a low sort of combustion, 
as the emission of Hght decreases on rarefying the air. 

7) Phosphorescence of organic bodies during life. The plants 
which display this light the most conspicuously are the 
marigold and the yellow lily, a little afier sunset, when the 
atmosphere has been very much heated in July and August; 
probably it is of an electrical nature. The phosphorescence 
of many animals, that of most of the infusoria, by which the 
sea acquires a luminous appearance frequently to a con- 
siderable distance, that of many species of zoophytes, 
mollusca, Crustacea, and insects, especially that of the fire- 
flies, seolopendr«, and glow-worms, remains problematical. 

B 3 
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O TRANSPA&EKT BODIES. 

In vacMo, and in all non-respirable gases, it becomes extinct ; 
in oxygen gas it shines with increased brilliancy. 
Noti'ltitninous bodies are such as become visible only when light . 
falls upon them from some luminous body. 

According to the emanation theory, non-luminous bodies 
become visible in consequence of their reflecting the par- 
ticles of light which impinge on them ; according to the 
other hypothesis, the waves of ether recoil from the surfaces 
of these bodies, just as the waves of sound rebound and form 
an echo. (§ 206.) 

The heavenly bodies which shine only by reflected light 
are the planets, their satellites, and probably, in some 
degree, the comets alsa 

§ 276. 

Bodies, considered as to their capacity for transmitting light 
through their substance, are divided into traneparent and 
opaque. 

Transparent or diaphanous bodies are such as give a free pas- 
sage to light through the matter of which they are composed, or, 
in other words, they are such as admit of our seeing other bodies 
through them with a greater or less degree of distinctness ; as 
instances we may mention the atmosphere, water, and glass. 

A perfectly transparent body does not exist, for such a body 
would allow all the light which falls on it to pass through, and 
as it reflected none it would itself be invisible. The greater the 
quantity of light a body transmits and the smaller the portion 
reflected, the nearer it approaches to perfect transparency. The 
following experiment will shew this, as to one of this class of 
bodies. 

First Exp, Admit a ray of light into a darkened room, 
and let it fall upon the surface of some water contained in 
a glass vessel with j>arallel sides. The ray will pass through 
the water, but some portion of the light will be evidently 
reflected from its surface. The same will be observed if for 
water we substitute a thick plate of glass. 
There are many degrees between perfect transparency and 
absolute opacity, for each of which gradations distinct appella- 
tions do not exist; bodies, however, which occupy a mean 
position between these extremes are said to be translucent. They 
permit the passage of so small a portion of light, that other 
bodies cannot be seen at all through them, or if seen, but imper- 
fectly ; such are foggy air, paper saturated with oil, laminae of 
horn, &c. 

Some of the most transparent bodies are, the atmosphere 
on a clear day, a few of the other gases and vapours at a high 
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TAANSLUCENT AND OPAQUS BODIES. 7 

degree of expansion ; most liquids and many solids also are 
more or less transparent. This property depends, not 
merely on the absolute transparency of a body, but also on 
the density of the medium through which the light passes. 
The thicker any substance is, the less is its transparency. A 
very thin plate of crown glass would seem to be perfectly 
transparent, but if several such plates were to be piled one 
on the other, their transparency would be found to diminish 
as the number of plates was increased. For a similar reason, 
distant objects being viewed through a large extent of the 
atmosphere, are less distinct than those which are near to 
us. No exact connection has yet been established as existing 
between the transparency of a body and the material of 
which it consists. The regularity of its internal structure 
(§ 88.) and the polish of its surface exert a considerable 
influence on the capacity of a body for transmitting light ; 
on this account colourless crystals are highly transparent. 
A remarkable proof of the correctness of the above remarks 
is furnished by the diamond and common charcoal, as also 
by the fact that many bodies acquire the property under 
consideration, if their pores be filled with either oil or 
water. 

Second Exp. Ground glass is not transparent, but by 
pouring oil of turpentine, or indeed any other oil upon it, it 
is rendered transparent, or at least translucent in a much 
higher degree. — Hydrophane. 

Third Exp. Two plates of ground glass may be 
rendered transparent by pouring a little oil of turpentine 
between the sur&ces in contact. 
Opaque bodies are all such as obstruct the passage of light, 
and through which consequently objects are not visible. 

It is probable that no body whatever is absolutely opaque, if it 
be reduced to laminae of sufficient tenuity, since light is found 
to pass readily through leaves of gold and other metals. 

Fourth Exp. If a pane of glass be covered on one side 
with leaf-gold, objects will be seen through it, and a greenish 
tinge will be imparted to them. 

According to the corpuscular theory, transparent bodies 
allow a passage more or less free through their substance to 
the particles of light, and opaque bodies are supposed to be 
such as light cannot penetrate. According to the undulatory 
theory, it is assumed that transparent bodies possess the pro- 
perty of transmitting the luminous vibrations of the ether in 
the same manner as the vibrations of the atmosphere are 
imparted to solid bodies ; the particles of ether that occupy 
the spaces between the atoms of the transparent bodies being 
put into a state of vibration. The degree of a body's trans- 
B 4 
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parency is further supposed to depend on tke intensity with 
whieh this vibratory motion is transmitted on the opposite 
side of the body. Bodies which are perfectly opaque will 
by this theory be such as altogether destroy the luminous 
vibrations of the ether. 



II. THB PROPAGATION OF LIGHT; OPTICS. 

§ 277. 

Light is propagated in right lines from every luminous point in 
a homogeneous transparent medium, and every such right line 
proceeding from a luminous point is called a ray of light. The 
following experiments will serve to shew that light is thus 
propagated : — 

Firtt Exp, Interpose any opaque object between your 
eye and the flame of a candle, and the latter will cease to be 
visible to you. 

Second Exp. Admit the sun's rays into a darkened room 

through one or two apertures ; the light will appear in the 

form of straight lines or rays. 

Since a luminous point is visible in all directions, we infer that 

light is propagated in every direction in divergent rags ; in other 

words, by radiation. 

According to the corpuscular theory, light is projeQted 
eccentrically from every luminous point, like the radii pro- 
duced of a sphere, and the term " ray of light" is used to 
express the direction in which an atom, or a succession of 
atoms, of this matter, is supposed to move. 

According to the undulatory hypothesis, the propagation 
of light proceeds from every luminous point in all directions* 
conformably to the laws of undulatory motion. (§ 226.) 
Every line that can be imagined to be drawn perpendicularly 
to the surface of a wave of light constitutes a ray, and if such 
a line be produced until it is terminated in the luminous 
point, it will give the direction in which the undulations are 
propagated. 

The following explanatory remarks will perhaps render the 

above condensed account of the undulatory theory, as far as 

,' regards the propagation of light, more easy to be understood ; 

they will also serve to shew more plainly the positions occu* 

pied by the different particles of ether. 

Let us suppose, first, that light is propagated from a 
luminous body only in the direction of A B, Fig. 1 ; then 
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all the particles of ethep lying in this path wil] be put into a 
state of vibration, the directions in which they move being 
perpendicular to A B. Let Fi^ 2 represent a perspective 
Fiff, 2. view of the portion a 6 of the ray. This 
motion of the ether will consequently gene- 
k^ rate a progressive undulation (§212.); the 
curve ^. 1 will represent the situations of 
the different atom? of ether at any particular 
moment of their undulation. In the line A B the particle a 
would vibrate constantly in the cirok a^ a* ; on arriving at 
a} its velocity would be nU ; but as it returned to its original 
position its velocity increases, untiK on reaching a, it will 
have acquired its maximum. In consequence of its inertia» 
the particle will still move with retarded velocity to a*, at 
which point its velocity will once more be nil; when it will 
commence its return under circumstances exactly similar to 
those already described. This vibratory movement of the first 
particle is not imparted instantaneously, but successively to 
the other atoms in the direction of the ray. Supposing that 
all the atoms of ether in the line A B were in a state of re- 
pose when a began to vibrate, then they would all acquire a 
similar movement in succession as they were ranged from A 
to B. Thus, whilst a performs one complete oscillation from 
a* to a*, and back again to a^ the motion would be imparted 
to the next atom, 6, which would begin its first vibration at 
the very moment that a was beginning its second ; from that 
point of time, therefore, a and b would perform similar vibra- 
tions, t. e. they would make their excursions in the same 
directions simultaneously, they would return to their original 
points, a and 6, together, and would together arrive at their 
greatest distance from A B. Reasoning in Hke manner, we 
may f\irther assume that the particle c will commence its 
first vibration when b is beginning its second, and a its third, 
and that from that moment c will make corresponding vibra- 
tions with a and b ; these' consequences may be inferred to 
apply to all the atoms as far as B, where the ray was supposed 
to end. 

Now, when all the atoms of ether composing the line A B 
have acquired this oscillating movement, the equal distances 
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a! Vy or mn no, will constitute a complete wave. All the par- 
ticles of ether lying exactly between these first-named points, 
viz. f, g, h, which are just half a wave from the former, are 
in an opposite state of vibration, so that when a, &, c, etc. 
attain their greatest distance, a', I/, c\ above A B, ^ ^, A, 
will be as far below it at the points/',^', A'; all the particles, 
however, arrive simultaneously at their points of repose, a, b, c, 
and^^, hi only it must be borne in mind that they pass 
each other in opposite directions. 

From these considerations, it follows that all the particles 
of ether in the direction of a ray of light, which are at the 
distance of 1, 2, 3, 4 * . . n waves apart, vibrate with equal 
velocities in the same direction, but that all which are |, 1^, 
2^ 3^ . . . n + ^t waves apart, move with equal but opposite 
velocities. 

If, now, we further suppose that light is propagated from 
a luminous point in a plane in all directions, with equal force 
and velocity, it is clear that we shall have a system of circular 
waves, resembling that which obtains in non-elastic fluids 
(§ 216). Fig. 3 will be a tolerably accurate representation 

of such a system. 
The party^es of ether ' 
in all the rays which 
proceed from the lu- 
minous point A and 
at equal distances 
from A will be in the 
same state of vibra- 
]^ tion, as has been al- 
ready shewn in Fig, 
1, and as is now re- 
presented in the cir- 
cular waves a a a.., 
a^ a^ a^ , , . a* c^ a* 
t^a*c^..,bbb. .. 
6» 6» 6» . . . fc» 6« 6« 
. . . &c. 

But it has been already stated that light is propi^ted in 
all directions ; in order, therefore, to obtain an accurate idea 
of the radiation of light, we must conceive the circular waves 
Fig, 3 to revolve about one of their diameters as an axis, so 
as to generate spherical waves, in which all the atoms of 
ether vibrate equally. 

§ 278. 
The Camera Obscura (an invention of Porta's, in the middle of 
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the i6th century) acts on the principle that light is propagated 
in right lines. This instrument consists of a darkened chamber, 
into which the rays of light, from an illuminated object, are ad< 
mitted by means of a small aperture ; these rays are received 
upon a white screen, and thus every point of the object forms a 
figure coloured with its appropriate tint, the figure being of the 
same shape as the aperture. These figures, combined, form an 
inverted image of the object. 

Pig. 4. Let A B Fig. 4 be the object 

f^ from which the rays pass through 

, >^^ II J the aperture c into the darkened 

^^s^^ I ^^M chamber, and are received on a 
^^s^^,^^ y vertical wall ; the ray of light A c, 
which descends from the head of 
the arrow, will produce the image 
" the head at a ; whilst the ray 
»'c from B ascends through c and 
depicts the feather at the top of the 
image. In like manner, the rays from all' the intermediate 
points between A and B pass through c and impinge upon 
the wall at different points between a and 2>, so as to form 
altogether the line a b, which is necessarily an inverted image 
ofAB. 

Exp, Darken a room completely, and make a small hole 
in the window-shutter, so as to admit the light from external 
objects, and they will be depicted on the wall opposite to 
the opening ; it will be better still if a white screen be placed 
at some distance from the wall, as the objects will in that 
case retain their natural colours ; on whichever surface the 
images are received they will necessarily be inverted. The 
smaller the opening the more clearly will the outline of the 
object be defined ; the light will, however, be proportionably 
lessened. As the size of the aperture is enlarged the bright- 
ivess of the picture will be increased, but the distinctness of 
its outline will be diminished in the same ratio ; and, lastly, 
the proportions of the image are increased the greater its 
distance from the aperture which admits the light. All these 
modifications are easily explicable from what has been already 
said with regard to the formation of these images in the § 
above. 



§ 279. 

If an opaque body be enlightened on one side only, the side 
which is more remote fi om the source of light will continue dark, 
and beyond it there will be a space not affected by the light ; this 
constitutes the shadow of the opaque body : if any object intercept 
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this space, that side of it which is xtcxt to the opaque body will 
be darkened by the projection of the shadow upon it. 

If the light proceeded from a single point we should obtain the 
boundary line of a body's shadow by drawing right lines iiDom this 
luminous point to every point in the boundary lines of the body's 
figure and then producing them. The lines thus drawn firom the 
luminous point to the object would be divergent rays, and the 
space they contain on the &rther side of the body would be its 
shadow. 

If the object have a curved boundary the shadow will be 

a truncated cone, fig< 5. ; if its boundary be rectilinear, the 

shadow will be a truncated pyramid, ^^. 6. 



Fig. 5, 



Fig. 6. 





If the luminous body, as in fact is always the case, consists not 
of one but of raiuiy luminous points, then the space behind the 
opaque object will contain two shadows, viz, the umbra, which is 
perfectly dark, and the penumbra, which is partially illuminflted, 
and which is blended off by imperceptible degrees till it arrives 
at perfect %ht. — For instanee, let Im, Jig. 7., represent the 
~ luminous body or line from which 

the light proceeds, and let a 6 be 
the opaque object which it illumi- 
nates, then the umbra will be the 
space contained between the lines 
lac and m6c, on both sides of which 
are the penumbrse, between a c, and 
a d, and b c, and bf. 

Construction of the shadows 
in geometrical drawings. — 
Why the sun's rays are assumed 
to be parallel. — Complex 
shadows when there are several 
lamps in a room. — A shadow is invariably darker in pro- 
portion as the space by which it is surrounded is ?trongly 
illumined ; hence the deepest shadow is always bounded 
by the brightest light. — Day and night upon our earth. — 
Shadows made by the sun and moon. The effects of the 
umbra and penumbra in card-board transparencies. 
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§ 2«0. 

The de^ee of iUtaniTatUng power possesfed by the light which 
emanates from any lumincus point depends 

1) On the dutcmct of the Inminous body, 

2) on the vAscHvie intensHy of the luminous body, 

S) on the amount of the abtorpHon the light suffers in its 
passage through the particular medium it has to traverse, and 

4.) on the angle ai which the ray 9 ttrihe the surface of the 
vbjeet. 

§ 281. 

In consequence of the propagation of light by radiation (§ 277.) 
it necessarily follows that the intensity of the light diminishes as 
the distance of the luminous body increases : the same law holds 
good in this instance as in all other cases of effects acting from a 
centre (such as gravity, § 29., and sound, § 260.), viz. the inten- 
sity of the light diminishes as the square of the distance from the 
luminous body. 

The general expression of this law will be : I'^yp* I being 

the intensity and D the distance from the luminous body. 

According to the preceding law, it would require four 
candles at a distance of two feet, or nine candles at a distance 
of three feet, to give as bright a light as one candle would afford 
at the distance of one foot. — If the distances of the planets 
from the sun be given, and the degree of light enjoyed by 
our earth be reckoned at unity, we can easily calculate by 
this law what will be the intensity of the light enjoyed by the 
other planets (supposing their atmosphere, &c. to resemble 
that of our earth). These proportions are presented to the 
eye at a single glance in the following table : — 



Planets ........... 


t: 


> 


1 


1 


< 


•-» 


1 


ca 

9 

1 


DUtances ..^..... 


0-4 


0-7 


1 


1-5 


2-6 


5 


10 


20 


Intensity of 
Light. 


6-25 


2 


1 


0-44 


0-16 


0-M 


O'Ol 


00025 



§ 282. 

By this law we may also measure the relative illuminating 
powers of different sources of light : instruments which serve for 
this purpose are called Photometers, Those invented by Rumford 
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and Ritchie are the best known, and are also the most simple in their 
construction. In Rumford's photometer the depth of the shadow 
is the measure used for comparing the intensities of different 
lights ; in Ritchie's, the brightness of the illumination answers 
the same purpose. When the shadows are equally deep, or when 
the illuminations are equally bright, the luminous powers of the 
two sources of light will be as the squares of the distances at 
which they act 

A simple photometric apparatus, on Rumford*s principle, 
consists of a white screen placed vertically, and at a small 
distance before it an opaque rod. To use it, place the lights, 
ear. gr. two different sorts of lamps, whose illuminating 
powers you desire to test, before the rod in such a manner 
that the shadows they project may either touch each other, 
or almost do so. The eye will readily perceive whether both 
the shadows have an equal depth; if they have not, move 
that light which casts the darker shadow to such a distance 
from the screen that the depth of both shadows shall become 
alike. Now, since the brightness of the screen is the pro^ 
duct of the lights given by both the lamps, and since each 
shadow is enlightened by one of the lamps, it follows that 
their intensity will be equal when their shadows have an 
equal depth. When this obtains, measure the distances of 
the two lights from the screen, and their illuminating power 
will be directly as the squares of their distances. 

Ritchie's Photometer consists of a rectangular box about 
an inch and a half or two inches across, and about eight 
inches in length, open at both ends, and blackened in the 
middle. In the middle of its longer dimension are two sheets 
of paper of equal whiteness, whose edges form with each 
other a right angle, but having an inclination of about 45° 
with the opening. A round hole is made in the top of the 
box, just where the two sheets of paper touch, so that the 
edges of the paper form the diameter of this circular aperture, 
in which a blackened tube is inserted. To compare two 
lights, place the instrument in such a manner between them, 
that each may enlighten one of the sheets of paper through 
the open ends, and move the instrument nearer to one or 
other of the lights, till both the papers appear to an eye 
looking at them down the tube to be equally bright. The 
intensities of the lights are to each other as the squares of 
their distances from the middle of the instrument. Fig. 8. 
represents such an instrument. 

These photometers may also be applied to shew the truth 
of the important law laid down in the preceding §. Pro> 
cure five wax-lights, of equal brightness, and place one at* 
any distance whatever from the photometer, and the other 
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Fig. 8. 




four at twice that distance ; then it will be seen that the 
four candles, agreeably to the law, give a light only just equal 
to that of the single one. To obtain an equal illumination 
with one and two candles, they must be arranged so that 
their distances shall be as 5 : 7 ; for, in that case, their dis- 
tances squared would be 5 . 5 = 25 and 7 . 7 =49, or as 1 : 2 
nearly. — Influence of the colour of light on all photometric 
experiments. — Besides the two philosophers already named, 
photometry has been greatly advanced by other scientific 
men, especially by Lambert, Bouguer, WoUaston, Hersche), 
Lampadius, and Leslie. 



§ 283. 

The brightness of two sources of light will depend, supposing 
thMn to be at equal distances from any object, on the absolute, 
intensity of their tights (1 ) and on the area of their luminous sur- 
faces. Their illuminating power is proportional to these two 
magnitudes and the effect they produce to the products of them 
(2). 

(1) The absolute intensity of the light, or the luminous 
power of every physical point, is not to be confounded with 
the apparent or relative intensity, which depends on the dis- 
tance of the luminous object from the observer. 

(2) The general expression will be : 

I being the relative, and I' the absolute intensity ; S the 
luminous surface, and D the distance. 

Photometric experiments will prove the accuracy of this 
statement. To determine the absolute illuminating powers 
of two different luminous bodies, two candles, for instance, 
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proceed thus : — Place the two lights which you desire to 
compare at equal distances from the open ends of a Ritchie's 
photometer. Interpose an opaque screen between the instru- 
ment and each of the lights ; in each screen let there be an 
aperture of equal size exactly opposite the middle of the 
flame ; the rays of light will therefore be projected from 
an equal superficies of the two candles, and if their illumi- 
nating powers are equal, the photometer will be as much 
enlightened by the one as by the other : if this is not the 
case, remove the stronger light with its screen, till both sur- 
faces of the photometer seem equally bright. The absolute 
intensity of the two lights will be as the squares of their 
distances from the photometer. — Proceed in a similar man- 
ner to shew that with equal absolute intensities the degree of 
light ei:\joyed will vary as the surface of the luminous body. 
Procure two lamps of equal power and sufficient surface of 
flame, and also two screens, with apertures of equal diameter, 
provision being made for enlarging one of the i^rtures, so 
that its diameter may be doubled, and that, consequently, 
the opening in one screen may be made (out times as large 
as that in the other. It will be seen that with equal aper- 
tures, at equal distances, the sur&ces of the photometer will 
be equally bright ; but if the aperture in one screen be 
enlarged, the surface opposite to it will be rendered more 
intensely light. Now, remove that light whose screen has 
the larger opening until the sur&ces of the photometer 
become equally bright, and you will find that this distance 
will be exactly double the former ; so that, with four times as 
great a luminous area, we obtain a fourfold intensity of 
light. 

According to the corpuscular theory, the intensity of the 
light, arising firom the two causes named above, depends on 
the force with which luminous matter is projected frova. the 
source of light, and also on the quantity of such matter set in 
motion : the explanation offered by the other theory is that 
the intensity of light, like that of sound, is owing to the 
magnitude of the vibrations excited by the luminous body, 
and on the mass of ether thus put into a state of luminous 
undulation. Other things remaining equal, the greater the 
excursions a a^tffs ^ ^ ^* J^ff* !•» made by the atoms of ether, 
the more intense will be the sensation of light they produce ; 
consequently, such a curve as a',/*, i/, ^, &c.Jig .1., may 
serve as a graphic representation of the intensity of light. 

llie sun produces the strongest light with which we are 
acquainted on our earth : this is owing both to the great 
splendour of that luminary and to the extent of his disc — 
The great influence which the size of a luminous area exerts 
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on fbe intensity of the light b familiarly shown in the dimi- 
nished gkre there is in a room when the VeneUan blinds are 
let down; the comparative gloom is owing solely to the 
smaliness of the apertures through which the sun's rays are 
aUowed to pass* The light which approaches most nearly 
in intensity to that of the sun is that which is given off at 
the chatcoal points of a voltaic battery, and that given by 
the combustion of lime in oxy-hydrogen gas (Dnunmond*s 
light> Hie feeblest light is that of burning hydrogen, that 
of a spirit lamp, and that of phosphorescent bodies. The 
very low illuminatiBg power of these last, as eompared with 
the Ught of the sun, may be shown by the fi^owing 

B:cpt, Place some hydrogen in a state of combustion, or a 
spirit lamp, or a phosphorescent body, in the sunshine, and 
their light will cease to be visible. 

If the fixed stars are luminous bodies, like the sun in our 
system, we may infer that the intensity of their light is little, 
if at all, inferior to his. Of the fixed stars the brightest is 
Sirius, and yet in the daytime he is no more visible to us 
than others of less brilliancy. The cause of this is the im- 
mense distance of all these bodies firom our planet. Wollaston 
says, that by photometric experiments he has discovered that 
it would require 20,000 millions of such stars as Sirius to 
r^lace tJie light afforded by the sun, or that this luminary 
must be removed 140,000 times ftirther from us than he is 
at present to reduce his light to that of Sirius. In a similar 
manner, this philosojpher has determined that it would 
require 5563 wax candles, at the distance of one foot from an 
object, to produce a 4ight equal to that of the sun ; whereas 
the light of the fiiU moon does not exceed that given by a 
sin^e wax candle a(t a distance of 12 feet ; whence the light 
of the full moon b only the l^^l44th part that of a wax 
candle at the dis^alce of a foot. Again, moonlight is 5563 
X 144^801072 times less than that of the sun. 



§284, 

8bee no perfectly transparent body exists on our earth 
(§275.), light must necessarily be impaired in its passage 
tnroagh all transparent media, and the diminution it suffers wUl 
vary as the medium is more or less transparent, and as the pas- 
*ige it makes is of greater or less length. The exact ratio in 
vhieh light is diminished, has not yet been determined ; it is, 
Wever, an established fact, that even those bodies which ap> 
proach most nearly*to perfect transparency, become opaque when 
t^ thickness is conriderably increased. 

▼01. n. c 
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According to Bouguer, the purest sea^water, at a 
depth of 730 feet, loses all its transparency, and the atmo- 
sphere in its clearest state would be altogether impervious to 
the sun's rays if it extended rather more than 700 miles. 
On this principle we can explain the diminished splendour 
of the sun and moon at the time of their rising and setting ; 
for the nearer they are to the horizon, the longer is the 
passage and the denser the strata their rays will hare to 
traverse. AVhether the light would be similarly diminished if 
it passed through an absolute vacuum, or through space 
filled only with the ether, which is supposed to be universally 
diffused, we have no means of determining ; however, the 
brightness with which the fixed stars shine, though at such 
immense distances from us, render this improbable. 



Fig 9, 



§285. 

Lastly, we have to investigate bow much the intensity of light 
is modified according to the angle at which the rays impinge 
upon any object A surface is most strongly illuminated when 
the rays of light fall perpendicularly upon it ; and the greater the 
deviation of the angle of incidence firom a right angle, the less 
the intensity of the light. This can be experimentally shown by 
presenting a white surface both perpendicularly and obliquely to 
the sun's rays. 

~ Let the fine parallel lines ^^. 9. re- 

present the sun's rays. It is clear that 
the surface a b, on which they fall per- 
pendicularly^ receives the greatest pos- 
sible number of rays, whilst any other 
position of the plane, as a c, is impinged 
on by a smaller number, in fact only 
by such a number as would have fallen 
on a plane at right angles to the rays, 
and having the length dc. But dc is 
sin. a, the angle of incidence, or cos. $ 
the angle formed by the inclination of the 
plane with a perpendicular to the rays ; whence in this case the 
intensity of the illumination is as the sine of the angle of in- 
cidence of the raysi or, as the cosine of the angle made by the 
plane with a perpendicular to the rays. 

All that has been established in the preceding § §, with 
regard to the intensity of light, may now be comprised in 
the following general formula : — 

T I' S. sin. o. I' S. COS., /3 
I=— ^,— or-g, 
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I being the intensity, I' the absolute intensity or illuxnina- 
tmg power of the luminous body, S the superficies on which 
the rays fall, D the distance, a their angle of incidence, and 
fi the inclination of the plane to a perpendicular to the 
rays. 

We shall explain presently how these results are affected 
by the character of a body's surface, and by the material of 
which it is composed. 



§ 286. 

Light travels at a prodigious rate ; with a velocity, indeed, 
vhich, though it admits of being measured, yet so far exceeds all 
terrestrial velocities (see Table III. vol. i. p. 26.), that they are 
scarcely comparable with it. It was formerly believed that liglit 
moTed with an infinite velocity, till, in the year 1676, the Danish 
astronomer, Olof Rbmer, found, from observations on the occulta- 
tion of one of Jupiter's moons, that light moves through a space 
of about 192,000 miles in a second. 

Herschel has calculated that light travels in a vacuum with 
a uniform velocity of 192,500 miles in a second. This 
velocity is the same for the waves of light excited by all the 
heavenly bodies; being in that respect analogous to the 
waves of sound, which are propagated in the atmosphere 
with equal velocities, whether the exciting notes be high or 
low, loud or weak. (§ 257.) 

Fig, 10. 




1.) Olof Rbmer found that when the earth in her orbit 
receded firom Jupiter in a straight line, or in what approxi- 
mated very nearly to one, as would happen if the earth were 
at E,^. 10., then the emersion of Jupiter's first satellite T 
from the umbra of the planet J, would be visible about 15 
c 2 
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seoonds later than we Aould have espeetedr from die time 
the satellite would be occupied in performing that portion 
of its oibit about its pcimarj. Now this satellite emerges 
from Jupiter's shadow, in about 42| hours, or, more 
exactly, in 42 hrs. 28' 35'^; but in the same time the earth 
wiU have moved in ber orbit from E to £', L e. about 
3,880>00O miles ; but li^^t moves tbtougb this space ia ] 5 
seconds, consequently it travels with a velocity of 192,000 
miles in a second. The converse obtains if the earth ap- 
proaches Jupiter during the eclipse of the satellite, t. e. if she 
be moving in her orbit from £' to £*. 

Romer's discovery was confirmed by the observations of 
Dr. Bradley, in 1725, on the Aberration of Light. By 
aberration, we mean the alteration in the apparent positions 
of all the stars, owing to the velocity with which light moves, 
and to the motion of the earth in her orbit, in a direction 
which forms a tangent to the light from the heavenly bodies. 
In consequence of the aberration resulting from the com- 
bined operation of these two velocities, all the fixed stars 
appear to us to be rather more backward than they really 
are in the direction of the earth's annual' motion. 

The following explanation of this phenomenon is given by 
Eisenlohr, and also by Littrow, in his Die Wunder des 

Himmels, S. 189. Let 

Fifi. 11, j^ MN,,/^. n. represent 

a ship whose side is 

aimed at point blank 

by a cannon at a. Now, 

if the vessel were at 

rest, a ball discharged 

in this manner would 

pass through the points 

b and c, so that the 

three points a, 5, and c 

would be all in one 

straight line ; but if the vessel itself move from M to N, 

then the ball which entered at b would not come out at the 

opposite point c, but at some other point d as much nearer 

to the stem as is equal to the distance gone over by the 

vessel from M towards N, during the passage of the ball 

through her. The lines b c and b d, therefore, form an 

angle at 6, whose magnitude depends on the position of & c 

and bdi the greater the vdocity of the hafi as compared 

wtith that of the ship, the less the aaglie. Next, for the ship 

substitute in your mind the easth ; and for the cannon, any 

one of the fixed stars. Let the velocity be of the cannon-ball 

now; stand for that o£ li^^l^ and let <fr be the nekicitf- of the 
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etrth in ber orbit, the mg)e tthe is called tbe mtffle ofaberra* 
Htm. This angle bas been found to be the «aine for all tbe 
fixed stars, viz. 20 seoonds, or with greater aecuracj 20*25 
seconds; whence it appears that light travels with equal 
velocity through space from all these bodies. If now we 
toppose /. bed to be a right angle, then 

, tan. lb : ed^rid. I ebi 
thatis, 

tan z aberr. : veloc of earth»rad. : Tebc. of Ugbt ; ] 
or, 

ton. 120-25" I 18'963=-10 : 195,000; 
a result not materially di^rent from that already obtained. 
This i^reement in results arrived at by methods so dis- 
similar, proves both the accuracy of astronomical observa^ 
tions, and confirms ui in the belief of the earth's revolution 
about the sun. 

Light, at its mean velocity, takes about 8 minutes 13 
aeoonds to come from tbe sun to our earth, and 2§ hours to 
traYel from Uranus to our planet. It would require more 
than 6 years for light to traverse the space betwixt us and 
the nearest of the fixed stars ; hence it follows that we never 
see these bodies in their actual position. The following 
illustrations may serve to give a comparative view of the 
velocity of light and that of other bodies : — A cannon-ball 
moving with a uniform velocity of 2450 feet in a second, 
would be 6^ years, and sound would be 14 years, in oomiag 
to us from the sua ; a cannon-ball moving with the same 
velocity as we bare already supposed, would foe 16 hours in 
traTclling round the circumference of our earth, a space 
which light traverses in | th of a second : the velocity <^ 
light must therefore be | a million times greater ^an that 
of a cannon-ball, and more than a million times that of sound. 
At the rate of about 4 miles in S^ minutes, being the speed 
at which Brunei, in 1841, travelled on the Great Western 
Railway, it would require more than 137 years tQ^^iKsn 
our earth to the sun. 

'' **- 

ni. cATorraics, oa thk keflxction or i9g^ ' r 

§287. ^. 

All opaque bodies possess the property of reflecting, - to a 
greater or less degree, the light which falls upon them ; thfey . 
would not be visible to us, as has been observed already (§ 274. ), 
were it not for their reflecting power. 

The smallar the quantity of light any body throws back, 
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the darker it appears to us ; white sur&ces reflect most light, 
and black the least If a substance were absolutely black, it 
would not reflect any light at all, and would consequently be 
invisible to us; experience assures us that no such body 
exists. 

Expt Black velvet is one of the darkest substances with 
which we are acquainted, and one which seems to reflect no 
light Blacken the inside of a tube, and look through it at 
a piece of black velvet ; place over one of the ends of your 
tube a glass on which an opaque substance is fixed so as to 
leave only a small transparent ring, /ig. 12. The light 
Fig 12. reflected from the velvet, will fall on the 

eye of the observer, showing that the 
material is not absolutely black, or in- 
capable of reflecting the rays of light ; for 
in that case the annular aperture would 
have been equally invisible with the 
opaque plate in the middle ; this, how- 
ever, is not the fact, and the sur&ce of 
the velvet, instead of being black, has a 
greyish tint. 

§ 288. 

. If bodies have rough and uneven surfaces, the light which falls 
upon them will be dispersed, or irregularly reflected, by which 
means the surfaces thus impinged on by the light, will be rendered 
visible in all directions. If, on the contrary, the object be one 
presenting a smooth or polished surface to the rays of light which 
fidl upon it, then, in this case, they will be reflected regularly ; 
and when we look at such an object we shall see, not the object 
itself but merely the image of the body by whose rays it is 
enlightened. Bodies which possess this property in a high degree 
are called mirrors, or specula. 

Specula are either natural or artificial ; as instances of the 
former class we may mention the surfaces of liquids in a 
state of rest, which are indeed the most perfect specula that 
can be obtained; many crystals are also natural specula. 
Artificial specula are made either of metal or glass ; the best 
metallic mirrors are made of platina, or an alloy of copper, 
silver, and zinc. Highly polished glass plates, blackened 
on one side, are found to answer well as specula for many 
purposes, so also are plates of obsidian or volcanic glass if 
one of their surfaces be well polished. Our common look- 
ing-glasses, which are covered on one side with an amalgam 
of tin, in order to form a reflecting surface, have this dis- 
advantage, that we obtain a double reflection, one from the 
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outer face of the glass, and a second from the metallic sur- 
&ce beneath. 

Artificial mirrors are divided, according to . the form of 
their sur&ces, into plane, convex^ and concave ; according to 
the nature of the curve, they may be either spherical, para* 
bolk, or elliptical ; mirrors, with mixed surfaces, are either 
cylindrical or conicaL 



§ 289. 

The following are the laws which obtain equally in the 
reflection of the rays of light from jilane and from curved mirrors. 



Fig. 13. 




Ic, Peq)endicu1ar to the plane. 
X, Angle of incidence. 
y, " reflection. 

x=y 



Let acb, fig, 13, be the section of a plane speculum, and dee, 
fcghe sections of a concave and convex mirror, which both touch 
fl6 in c ; let A c be a ray of light impinging on these surfaces, c h 
a ray reflected, and Ic the normal or perpendicular. Experience 
has shown that 

1.) The normal, the incident, and the reflected rays all lie in 
the same plane, called the plane of reflection ; and that it is at right 
angles to the reflecting superficies. 

2.) The angle of Incidence ar, and the angle of Reflection y, 
are equal, and they are on opposite sides of the normal ; hence 
the incident and reflected rays form equal angles with the plane ; 
and every ray falling perpendicularly on a mirror will be reflected 
back again on its own path. 

3.) The reflection from concave and convex specula takes place 
as if the rays were received on a plane surface, standing as a tan- 
gent to the curve at the point where the normal touches the 
curve. 

These laws may be verified by means of a very simple 
reflector. 

First Expt. caa' d fig. 14 is a semi-circular board, gra- 
duated at the circumference ; at the centre 6, place a small 
c 4 
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Fig, 14, 




looking-glass, vertically to the board; dh will then be the 
normal to the point 6. Now, set up some luminous / point 
(a common needle will do) at a, some 50° from rf, and the 
ray a 6 will be reflected to a', just 50° on the other side of </, 
parallel to the circular plane ; from this point only would an 
observer be able to see the image of the object in the mirror. 

Second Expt. Admit a ray of sun-light through a small 
aperture in the shutter into a darkened room, in such a man> 
ner that the light may fall upon a looking-glass. The whole 
course of the incident and reflected rays will be plainly 
marked on the particles of dust, which are illuminated by 
the sun, and thus experimentally confirm the truth of the 
law. 

According to the corpuscular theory, the reflection of 
light obeys the same laws as regulate the impact of elastic 
bodies (§ 110), light, according to this hypothesis, being 
eminently elastic. The other explanation is, that the pro- 
pagation of light takes place from every luminous point, 
by means of the undulatory movements of the ether : on 
this hypothesis the waves of light follow the general laws of 
the reflection of all elastic fluids ; and, accordingly, every wave 
from every point, when it impinges on any resisting object 
so as to be reflected, forms a new wave in its course back, 
having its centre as much on the other side of the obstacle as 
the centre of the original wave was on this side ; in the case 
of light, the centre of the original wave is obviously the 
1 uminous point. ( Compare with thb £cho, or the Reflection 
of Sound, §§218. 227.) 

A. REFLECTION FROM PLANE MIRRORS. 
§290. 

Agreeably to the laws of reflection, laid down in the preceding 
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flection, all the rays of light which &11 upon any plane mirror, 
will be reflected in the same direction as that in which they 
impinged upon its surfiice ; parallel rays of light will therefore 
continue parallel to each other after reflection ; divergent and 
convergent rays will diverge and converge respectively with 
angles equal to tiieir angles of incidence. 

liie accuracy of these observatiotis may easily be shewn 
by a diagram drawn according to the laws given above. 

Expt, Admit two parallel rays into a darkened room, so 
^ to fall upon a plane mirror. They will be reflected from 
its surface in directions parallel to each other ; if the rays 
he convergent, the reflex rays will intersect before the 
mirror; if they be divergent they will be reflected so as to 
recede the one from the other. 
All the rays from any radiating point that fidl upon a plane 
mirror, are reflected from its surfiice in such a manner that they 
seem as if they proceeded from a point beyond the mirror ; this 
point will be situated exactly where the reflected rays, tf pro- 
duced, would intersect each other, and it will be found to be as 
hr beyond the mirror as the radiating point is before it ; this 
point is called the virtual foeus. 

Fig. 15. 




Let m c, Ji§. \ 5, be the vertical section of a plane mirror, 
a a luminous point before it, a 5 and a r. two rays proceeding 
from it'yhd will be the reflected ray of a 6, and e e that of a c. 
Produce db,eCyOn the other side of the mirror, and these 
lines will meet in a' ; a* is the virtual focus ; and from the 
similarity of the A «, a & m, a' 6 m, and ac m and a* cm re- 
spectively, it follows at once that a'mssam. 
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According to the undulatory theory, a! is the centre of the 
reflected waves of light. 
The image of any object, which may be regarded as merely the 
sum of its radiating points, will be as far behind a plane mirror 
as the object itself is before it ; the size and form of the image 
will correspond exactly with the size and form of the object, with 
this difierence only— that whatever is on the right side of the 
original will appear on the left in its image, and vict versa. 

The reversed appearance of any object seen in a plane 
mirror, is most strikingly illustrated, by holding a sh«et of 
print or manuscript before such a mirror. 

If a plane mirror be placed in a vertical position, then 
every object it reflects will be accurately portrayed, as regards 
its situation with respect to the horizon. If a plane mirror 
be inclined at any angle to an object, the object will appear 
behind the mirror inclined at an equal but opposite angle ; 
consequently, an object lying flat will appear to stand per- 
pendicularly if a mirror be placed at an angle of 45^ to it ; 
and conversely, an upright object will seem to lie down. — 
All these phenomena are well known, and may be easily 
verified by diagrams in which the laws of reflection are 
attended to, and experimentally by using a common looking- 
glass. — The Polemoscope is a perspective glass, having a re- 
flector placed at an angle of 45° to its axis. — Mode of using 
this instrument. — If any one stands on a plane mirror, his 
feet and the feet of the image have their soles^ouching ; if 
the mirror be held above the head, the figure will be inverted 
in that direction. — The reflection of objects in standing 
water presents us with similarly inverted pictures. 

On this law of the reflection of plane mirrors depends the 
construction of several optical instruments ; as, for instance, 
the Heliostat, the Hdtoacope, and the different kinds of 
Goniometers, 



§ 291. 

Further, the image produced by the first reflection may be 
reflected again by one or more mirrors. The image of an object, 
by this repeated reflection, becomes shifted in every direction, and 
may be multiplied many times by means 6f inclined mirrors 
placed opposite to each other. 

To this property of light are owing: — 1.) The effects 
produced by the various kinds of magical perspective. These 
phenomena are owing to the parallel combinations of several 
plane mirrors at angles of 45° to the light which falls upon 
them. 
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First Expt. Fig, 16 is a sectional view of a magic per- 

Fig, 16. 

a * 



z: 



£s: 



D 



spective, by means of which objects may be seen, notwith- 
standing the interposition of a board, or other opaque screen, 
between the eye and the object. 

abcd\s the perspective tube through which the observer 
is to look ; it is divided at h c, so that a board, or any similar 
obstacle, may be interposed ; notwithstanding which an eye 
at A will distinctly see any object at P. 

The apparatus is thus constructed : — At k and / there are 
<^nings in the tube, by means of which a communication is 
established throughout the hollow pipe kg hi. At A, g, h, 
and 4 looking-glasses are placed at angles of 45^ The line 
drawn in the interior of the tube represents the course of the 
reflected ray ; the eye at A sees the object in the mirror, k, 
in the direction of A A, or A P. 

2.) If an object be placed between two plane mirrors, 

forming any angle whatever with each other, then the image 

will be repeated as many times, minus 1, as the angle made 

by the two planes is contained in 360°, t. e. putting n for the 

number of degrees contained in the angle, the number of 

360 
images will be — 1. 

Second Expt The Kaleidoscope invented by Sir. D. 
Brewster, is a well-known piece of apparatus ; it consists of 
a tube about 10 inches long, and from 2 to 3 inches wide, 
blackened inside. Two or three pieces of looking-glass run 
through it lengthwise, generally forming angles of 60^. 
One end of the tube is closed by a piece of common glass, 
on it is fitted a continuation of the tube, the end of this 
additional piece being closed with groimd glass ; the space 
between these two glasses which is about \ of an inch, is 
filled with transparent coloured objects, pieces of coloured 
glass, and the like. The other end of the tube is also 
covered with a cap having a small aperture through 
which to look. If the tube be held with the ground glass 
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end toward the light, and the eye be applied to the small 
aperture, the objects lying between the angles of the re- 
flectors will be reflected Are times, and the image of a regular 
hexagonal star will be formed. 

Third Expt Place two inclined mirrors on the drawing 
of a bastion, and you will have an image of a polygonal 
fortification. 

3. ) The application and use of Sextants and of Douglas's 
Refleeting Circle: — Both instruments serve, by means of two 
mirrors, one of which is moveable, to measure the angle 
made by two objects with the station of the observer. 

Fig. 17. 




A ^^- f,X—- 



The mirror a&, Jig. 17. is fixed, but the mirror cd ia 
moveable about B, and when in the position oB, it is 
parallel to the first mirror ab, and an arc that shall be 
drawn with B as its centre between the planes 6 D, Bo, 
(the mirrors produced), would be the sixth part of a circle, 
whence the name of the instrument, the Sextant, is derived ; 
the angle C B o, consequently, contains 6CP. The side of 
the mirror c<f is perpendicular to the index BZ ; so, when 
the latter is moved from o towards C, the former is turned 
about its pivot B ; and the index will show, on the graduated 
are, the number of degrees contained in the angle o B Z, t. e. 
the magnitude of the angle generated by the motion of cd 
from its original position. 

Now suppose do and fro, the planes of the mirrors, to be 
produced to D, the point of their intersection, then the 
angle t will mark the degree of their inclination ; but as D C 
is parallel to Bo, it follows that the angle cB o must be 
equal to the angle f, and can therefore be used equally with 
it to mark the inclination of the planes. 
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If we wish to measure from any station A, the angle 
which two objects, g and^ make with A» that is to determine 
the magnitude of the angle w, we should move the mirror ed, 
by means of the index B Z, until we brought it into such a 
position, that, whilst the eye at o sees the object/ in the 
direction oC, the object /should also be seen in the mirror 
ah simultaneously with it, and in the same direction, its 
image having been reflected as shown by the lines 7 B Co; 
then in 

ACDB,Z * = Zj8-a' 
andin ACBA,^io=Z(i3 + x)-((i'+7). 
Now, by the laws of Reflection : 

Lof^^ain like manner Lfi^ i^' 

but(Eucl. L \S,) La^Ly L&^Lx 

whence Lo!^ Ly and I fiss Lx; 

whence it follows that, 

Z»=Z2j8-Z2o', 
and as Lt^ L fi — Lni 

lw=s l2t,otl2ZBo ; so the angle 
Z Bo shown by the index, will be half the required angle w. 
In order to obtain the magnitude of angle w at once, without 
ftirther computation, the arc of the sextant is divided h&to 
120 parts, each of which expresses one degree of the angle ». 
4. ) The effects of mhrors hung parallel to each other in 
rooms: If an object stands between two looking-glasses hung 
parallel to each other, an image will appear as&r behind each 
of the glasses as the object itself is before them. Each of these 
reflections produces a corresponding image in the opposite 
mirror, and so the object would be repeated ad injinihtm, . 
were not a portion of light ilbsorbed with each successive 
reflection. 



B. BBKLBCTION' FBOM CDNCAVX AVD CONVSZ MIBRORS. 



§292. 

By tplktrieal mirrors are to be understood such as are segments 
of a sphere ; if their concavity be polished, they are called comcave 
bIrots ; if they reflect from their convex side, they are called 



In mirrors of this kind,./^. 18 and 19, c, the centre of that 
spbeie of which the speeulum is a segment, is called the geometri- 
w^ centre, or the centre of cuna^tre ; whereas o, that point in the 
' \ surface which is equidistant from all p^rti of its eireum> 

Digitized by CaOOQ IC 



30 



BXFLBCTION FKOM CONCAVE MIREOaS. 



Fig, 18. 




/, Focus. V c, Axis of the mirror. 

vft Focal distance. c «, Radius of mirror, 

c, Geometrical centre. res. Principal ray. 

t>, Optical centre, or vertex, ar = y. 

ference, is called the optical centre or vertex of the mirror. A 
right line v c, of unlimited length passing through these two 
centres is the axis of the mirror. All the radii of the sphere, as 
cVjCSy &c., are s\so radii of the mirror's curvature; and as they are 
perpendicular to the spherical surface, they, in fact, constitute 
the normals of the rays which fall on the points ©,«, &c. of the 
mirror (§ 289.) Every ray from a luminous point r passing 
through the centre of curvature, as res, r«c, is termed sl principal 
ray. 

The reflection of light ftom^ery point of a spherical speculum 
obeys the universal law of reflection (§ 289. ), that the path of any 
reflected wave may be found, by assuming that the angle of reflection 
equals the angle of incidence. 

For instance, let 9 s be a ray impinging at s on the con- 
cave speculum, ^y 18., and on the convex speculum, ^^. 19., 
then in both cases a/ will be the reflected ray, if y=x. 

§ 293. 

The rays of light will be variously reflected from the surface 
of a concave mirror, according to the direction in which they 
impinge upon it : 

I.) All the rays that faU on a concave mirror in a direction 
parallel to its axis, will be feflected, so that each of them after 
reflection intersects the axis. If these rays be very near to the 
axis, they will cut it after reflection, in a point midway between 
the optical and geometrical centres, as appears from the con- 
struction of ^^. 20. The point / is called the focus, and its 
distance /v, from the vertex of the speculum, is called ihe focal 
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Fig, 20. distance, and it is always equal to 

half the radius of that sphere of 
which the speculum forms a seg- 
ment The other points of the 
axis through which the reflected 
rays of light pass, are also termed 
foci, and their respective distances 
from V are called their focal dis- 
tances ; whence, for the sake of 
distinction, the focus of parallel 
rays is spoken of as the principal 
focus, and its distance from v as 
the principal focal distance of the mirror. 

That parallel rays near to the axis of a concave mirror, 
and parallel to it, will be reflected so as to cut each other at 
the principal focus, may be deduced from ^g 20., and the 
explanation accompanying. The limits within which it will 
be found that the reflection of the rays of light actually 
coincides with the statements made above, are rather nar- 
row ; as experience shows us that the parallel rays must not 
be more than from 10° to 15° from the centre of curvature, 
for if their distance exceed this, they will not be reflected so as 
to meet at the principal focus. In order that rays should be 
able, in the strictest sense of the term, to intersect each other, 
it is necessary that they should be equidistant from the axis; 
and the greater their distance from the axis, the nearer will 
their points of intersection approach the surface of the specu- 
lum. This is shown in^^. 21. This deviation of the rays 
Fig. 21. is termed the Aberration of Sphericity ; 

the Ij^es formed by the reflexion of 
the rays are termed caustic curves ; 
and the rays, instead of meeting in a 
point or focus, are spread over a small 
space. In mirrors of a parabolic 
form this aberration does not obtain, 
but parallel rays do actually all 
unite in the focus of the parabola. 
(Compare with this § 219.) 

First Expt. The following method 
will very plainly illustrate the re- 
flection of parallel rays. 

Make from four to six holes about two lines in diameter, in a 
plate of iron, tin, or some other metal, of a sufficient size to 
close up a large aperture in the window-sh utter of a dark 
room ; let these holes be arranged as shown at a, fig. 22 ; 
exactly in the middle let there be another opening c of the 
same diameter; and still further, let there be two more similar 
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apertures g ; some wnmgement must be made for opening 
Fig, 22, and closing them at plea- 

sure. The rays ©flight which 
pass through these apertures 

will be parallel to each other. 
^ A A A if Now, place a concave mirror 
^9 am W ma Wg .^ gy^ij ^ manner that the 
ray transmitted through c 

• shall impinge on the vertex 

* t>, see fig. 21., so as to be 
perpendicular to it; next, open successively the holes a, 
Zd each of the rays passing through them will be so 
reflected as to intersect the axis ct», m the prmcipal focus /; 
indeed, die rays wiU form a pyramid, whoae base rests on 
the speculum, and whose vertex 18 at/. Lastly, admit the 
liffhtthrough Oie holes g, which are more rwnote frona the 
axis • and it wUl be found that their rays striking the mirror 
nearer t* its bomidary, will be so thrown back as to mtersect 
the axis somewhere between the focus and the »uf^ of the 
mirror. If it is wUhed to give very great distinetness to 
^e individual rays of sun-light, they may be made to pass 
through the smoke of a chafing-dish. 

Second Expt, A cylindrical mirror will be found the best 
calculated to display the caustic curve ; it is merely a hollow 
semi-cylinder, and may be conveniently made of a strip of 
polished tin, or of a pretty wide piece of polished dock- 
spring, held in form by a semi-circular board covered with 
white paper. If the speculum be presented to the rays of 
the sun or to those of a candle, a luminoi« space will be 
visible on the paper, boun Ad by a line resemblmg the curve 

"* K^'a^pirabolic curve be imparted to the metal, then the 

brightest speck will be at its focus, whence rectilinear rays 

will proceed resembling a star. 

2 ^ All diverging rays from a radiant point, situated in the 

facJofa^^ncafTiirrkwill be inflected from its surface m 

dkXns parallel to each other, and to the axis; provnided 

tTZ\^ dLtance shall not exceed 10° or 15^ from the vertex. 

Suchreflected rays wiU consequently "^t intersect ea^h other. 

This is merely the converse of the preceding law; the 

truth of it wiU be at once seen on referrwg U^fig- 20. 

3.) AU rays proceeding from the centre of curvature, or 

whirti pass tKh 8«* centre, that is t» say, all tl.e principal 

^fiSl^cipendicularly on the surface of the speculum, aiM^ are 

tHerefore reflected to the ceatre. 
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Fig. 23. 




4.) Rays, on the contrary, 
which come from any point, as 
r,Jig, 23, beyond the centre of 
curvature, or which cross the 
axis at a point beyond such 
centre, will be reflected so as 
to cut the axis somewhere, as 
t, g. m t, between the focus 
and the centre of curvature. 



5.) Conversely, if rays intersect the axis at any point t. Jig, 

23, between the focus and the centre of curvature of a concave 

speeulum, then they will be reflected so as to cut the axis again in 

another point, beyond such centre. See the direction of the arrows 

'^t^fig. 23. 

6.) Lastly^ all rays coming from any point r^fig. 24y between 

the mirror and the focus, will be re- 

Fig, 24. fleeted from its surface so as to diverge 

'9 from the axis. 



§ 294. 
If there be any radiant point before a 
mirror, the virtual focus of that point 
may be found (§ 290. ) by producing the 
reflected rays until they meet. 

If, then, we are able to determine 
where two reflected rays will intersect 
each othei^ we can at once ascertain the 
situation of the virtual focus. From 
every radiant point there proceeds an infinite number of rays, 
but of these, two only are, for the most part, made use of, in 
determining the situation of the virtual focus ; they are one 
principal ray, which is reflected on its own path, and one of the 
nys parallel to the axis, which, when reflected, passes through 
the focus. The intersection of these two rays gives the virtual 




fiieos required. 



Fig. 25. 




It is not absolutely 
necessary to use a ray 
parallel to the axis ; 
any other will do, only 
it must be observed 
that its reflected ray 
cannot be determined 
so easily as that of a 
parallel ray. 
Let 8, jig. 25, be a con- 
cave mirror, and r any radi- 
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ating point before it ; draw « q through the focus /, as the 
reflected ray to r »; and from r ^aw rOf through the 
centre of curvature ; 9, the point of intersection of these 
two rays, is the virtual focus of r. The virtual focus of 
every luminous point in the axis of a concave mirror will be 
in the axis ; and that of any p<5int on one side of the axis, 
will be found on the opposite side of it. 
To determine the situation <Tf the image of an object reflected 

!)y a concave mirror, we must find the virtual foci of the points in 

the object's boundary. 



Fig, 26. 




§ 295. 

The following are the phenomena presented to us by the re- 
flection of the rays of light which impinge on concave mirrors: — 
1.) The image of an 'object 
very remote from the mirror, as 
that of the sun, will be in the 
focus of the mirror, and the image 
will be extremely small. 

2.) Every object which is at a 
distance from the mirror greater 
than its centre, produces an image 
between this point and the focus, 
smaller than the object itself, and 
in an inverted position. (See 
Jig, 26.) 
3. ) If the object be at a distance from the mirror equal to the 
length of its radius, as N S, Jig. 27, 
then the image ns will be at an equal 
distance from the mirror ; its dimen- 
sions will be the same as those of the 
object, but its position will be inverted, 
as is shown in^. 27. 

4. ) If the object be between the focus 
and the centre of curvature, as n « in Jig. 
26, then the image will be inverted, and 
its size will much exceed that of the object; 
its place, also, will be beyond the geo- 
metric centre, as N S. 

These four varieties of inverted images, produced by the 
reflection of the rays of light from concave mirrors, are sometimes 
called physical spectra. 

The existence and position of these spectra may easily be 
shown experimentally, thus : — 
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Expt, Hold a candle opposite to a concave mirror at the 
distances named respectively in paragraphs 1.), 2.), 3.), 4.) 
on the preceding page. The spectrum can in each case be 
recdved on a white screen, which must, be placed at the 
prescribed distance from the mirror. 

Application of these spectra in different optical instru- 
ments, as reflecting telescopes, &c. 
5.) If a luminous body, as, for instance, the flame of an 
Argand lamp, or a burning coal, be placed in the focus of a con- 
cave mirror, no image will be produced, but the whole surface of 
the mirror will be illuminated, because (2. § 293.) it reflects in 
parallel lines all the rays of light that fall upon it 

This may be made the subject of an experiment so simple 
as not to require any further explanation. 

Practical application of this fact, in the reflectors of micro- 
scopes, magic lanterns, and lighthouses, by means of which 
the light given by the luminous body is increased and 
transmitted in some particular direction that may be 
desired. 
6.) Lastly, place the object between the mirror and the focus, 
as N S,^^. 28, and the image of the object will be behind the 
p' 28 mirror; it will not be 

inverted, but its propor- 

r/ tions will be enlarged 

*'*==t~-.,^^^^ * / according to the proxi- 

'^'"-"J'' "/^>^^ mity of the object to 

l^^r*""**"^^----^ ***® focus. In this case 
tU----^^^---^^^c tjjg reflected rays (5. § 

,'-'" J^ ^^^* ) <^^®'ge, and con- 

,^:'^''^"'\ sequently inteisect be- 

"' \ hind the mirror, so that 

\ they appear as if they 

really proceeded from these points of intersection. Fig, 28 will at 
once illustrate these remarks. 

The truth of th\s last proposition admits of being experi- 
mentally tested. 

Concave mirrors, from the property last-named, are some- 
times called magnifying mirrors ; and because, by collecting 
the sun*s rays into a focus, they produce a strong heat, they 
are called burning mirrors. 

[We shall now proceed to give a simple demonstration of 
what has been advanced in the present and two preceding 

§§• 

Let F E, Fig. 29, be a sectional view of a concave mirror, 
V its vertex ; C the centre of the circle ; C V, C E, C F=r 
radii of the mirror. Let R be any radiant point in the axis, 
RV=sa, its distance from the vertex. Let RE be an 
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ineident nj, £ D the reflected ray, and V^D^a the focal 
distance. 

F^ff, 29. 




Since ix^ /y, 

/.E D : E R=rCD : CR, [Eucl. vi. 3.] 

and if Z^ V R E be very smaD, 

•.•.RE«RV=a nearly, 
and E D= V D=:a nearly 

/.VD : VR=cv-VD: vr-vc, 

or a : a«=r— o : a— r; 
/.oa— ar=ar — ao, 
.•.2 aas=ar + ar ; 

.211 ,TV 

• * r a a • 

Let a SB 00, t.e. let the distance of the radiant point be 
infinite, or, in other words, let the rays be parallel ; then 

— vanishes, and there remains 
a ^ 

2 1 



that is, the focus /lies in the middle of the radius; and there- 
fore equation (I.) becomes 



/-a "^ a 



(II.) 



If the radiant point R lie out of the axis, as at N, its 
position may be determined by knowing its abscissa V S ss a 
and its ordinate S N=6. 

Let the rays from N make with the axis a very small 
angle, then their focus n, will be given by the following 

Digitized by LjOOQIC 



DXMONSTKAillON OF FaXCnHKO LaWB. 37 

equations : — for, let V t = a, » m »/3 

For, produce the ray E N till it meets the axis in R ; 
then V D is the focal distance of the point R, and by equa- 
tion (II.) we have 

J- i- i. J_ 1 
/"a "^ a'^VR^VlO ^^'^ 

Now, if we consider VE to be so small an arc that it may 
be assumed as a right line, and 

*.' A s, VED, and D ^n, are sim. 
/. VE: VD««n:«D 

«/8 :a-VD; 
/. VE.a-.VE.VD«i8.VD, 

••^^"iS+VE' 

._1 fi_ 1 

••VD~a.VE^ a' 

Again, •/ A s, V E R, and S N R are sim. 
/. VE: VR=SN: SR, 

=6 :VR-a, 
/. VE.VR-VE.a=6.VR, 

. ••^^'"ve::^ 

.11 6 



• VR"a ""a.VE* 
Substituting these values in equation (A.), we have 
116 /8 1 



^^a 



/""a a.VE'^a.VE' 
And since A s, V S N, and V * n, are sim. 

;.n#: v«=NS: vs, 

or jS : rt « 6 : a, 

• bt which is equation 2.) 
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" a 
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/. equation (B.) becomes 

-^= — + — which is equation 1.) 

Consequently, all the rays firom a point N without the 
axis falling on the mirror, will be reflected thence, so as to 
meet at n and form a cone of light whose vertex is in the 
principal ray. 

From what has been shown above it follows, that if S N, 
fig, 29, be any object whatever, « n must be ' its 'innage, 
whose linear magnitude may be found from equation 2., 

.= ^...] 

Before a concave mirror, having a focal distance / of 6 
inches, place at a distance of 24 inches = a, an object whose 
height is 6 inches =6 ; it is required to determine the distance 
a of the image from the mirror, and also its height j8. — 
From equation !.» 

Ill 





a 


~/ 


a 






1 
" 6- 


1 
•24 










or a 


= 8 inches. 


2. 


,3 


a 
^ a 


h 



~24 
or 3 = 2 inches. 
Further, we oblain from equations 1. and 2., 
I.) Where an object is at an infinite distance, t.e. when 
a = 00 ,— = 0, we shall have a =/; in other words, the image 

will l^e a mere point in the focus. 

2.) As a decreases a increases ; i. e. the nearer any object is 
brought to the centre of curvature, the further is its image 
thrown back towards itself, and the larger does that image 
become; "so that when a=r, then will a=r also: whence, 
at the distance of the centre of curvature, the image will be 
equal to the object 

3.) Now move the object nearer to the focus and its 
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image will constantly recede from the centre of curvature 
and become larger and larger. If a=/, — =0.'.a= oo ; i-e. 

the image of an object situated in the focus, will be at an 
infinite distance from the mirror, or rather, no image what- 
ever will be formed, for the reflected rays will be paralleL 



§ 296. 
In convex mirrors the iocusf,fig. SO, lies as far behind the 



%. 30. 




reflecting surface as in con- 
cave mirrors it lies before it ; 
it is generally called the 
virtual focus (because it is 
only an imaginary point and 
is not formed by the actual 
union of rays in a focus). — 
All rays parallel to the axis 
which fall on a convex mir- 
ror, as a «, p 0, on being 
reflected will diverge, as s h, 
OQi as if they proceeded 
from /' as a focus. — Di- 
verging rays, like /«, lo 
will after reflection be still more divergent, as ««, or, as if they 
proceeded from some point between the virtual focus and the 
mirror. 

Fig, 31. The position of the image 

of any radiating point what- 
ever, and consequently the 
entire image of an object, 
Qiay be found in a manner 
similar to that already ex- 
plained in the case of con- 
cave mirrors (§ 294.). See 
fig. 31. 

The following effects obtain in the reflection of rays from 
spherical convex mirrors : — 

1. ) The images of objects invariably appear beyond the mirror ; 
in other words, they are virtual images : 

2.) They are seen in their natural position : and 

3.) They are smaller than the objects themselves ; the farther 
$be object is from the mirror, and the less the radius of the latter, 
the sinaller will be the image. If the object be very remote, its 
image will be in the virtual focus of the mirror. 
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The same matheouitical deductions hold good for mirrors 
of this class as for concave mirrors (§ 295.), observing only 
that in this case r is negative : 

r 8k a 
and 

/ a r 
1.) When a» 00 , i.e. when an object is at an infinite dis> 
tance from the mirror a= — /. 

2. ) If a diminishes, a must diminish also ; thus, when a sr. 



S.) When aesO, a=0; i. e. the object and its image will 
fall together on the mirror. 

§297. 

Cylindrical and Conical mirrors act like plane ones in the 
direction of their axis, but in a direction perpendicular to the 
axis they act like spherical mirrors. If such a mirror be placed 
vertically, the image of any object will be of the same length as 
the original ; but its breadth will be exaggerated or reduced, 
according as the convex or concave sur&oe is polished. If the 
mirror be laid horizontally, these circumstances will be reversed. 

A conical mirror differs from a cylinder in this, that its surface 
in the direction perpendicular to the axis, consists of an infinite 
number of spherical mirrors, of gradually decreasing sizes towards 
the vertex ; whereas, in the cyUnder, planes passing through the 
axis and parallel to the horizon, would give equal circles through- 
out. If such a mirror be placed in a vertical position, an object 
seen in it would aj^pear of its natural length, but its breadth 
would gradually taper off towards the vertex. 

From what has been just stated it is evident, that these mirrors 
do not represent objects in their natural proportions ; i^ there- 
fore, any object appears in such a mirrcnr to be of its just dimen- 
sions, the original drawing must have been distorted according 
to regular laws, in order to produce this effect ; these pictures as 
well as their reflected images in the mirrors are termed catoptric 
anamorphoses* 

§ 298. 

It has been already (§ 287. ) remarked, that all bodies whatever 
reflect more or less of the light which fidls upon them. By 
means of Ritchie's Photometer (§ 282.) we can compare the 
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intensities of the incident and of the reflected light It has been 
ascertained that the intensity of light reflected perpendicularly 
from a metallic speculum is about §, from mercury {, fiiim 
water ^ and from glass jj that of incident light ; and that 
the proportion becomes less, the more oblique the angle at which 
the rays &11. This diminution of the light is owing to its ab- 
sorption by the reflecting body : from these considerations it 
follows that metallic speciUa are the best reflectors. 



IT. THK KXFEAGTION OP LIGHT. DIOPTRICS. 



§299. 

When a ray of light passes out of one transparent medium into 
another, either diflerently constituted, or of a density differing 
from that of the former, then the ray will either continue its 
course in the same path as before, or it will travel in a new 
direction. If it impinge perpendicularly on the plane by which 
die medium is bounded, its direction wUl not be altered ; if, on 
the contrary, it strikes ^e plane at any other than a right angle, 
it will be diverted from its original course. This deflection of 
the rays of light is termed RefracHoH, 

First Expt, Admit a ray of sun-light in such a manner 
into a darkened room that it may £U1 obliquely on a cubical 
piece of glass ; a piece of plate glass will do ^ of sufficient 
thickness. Tlie direction of the ray will be changed on its 
entering the glass. 

Second Expt. Let a shadow of the width a h^fig. 32, fidl 



Fig,s 32. 




on the bottom of any opaque 
vessel. Fill the vessel with 
water, and the shadow will ac- 
quire the tapering form repre- 
sented in the cut, in consequence 
of the ray s h being refracted at 
d towards c. 

A similar result will be ob- 
° " tained by placing a thick glass 

plate at the bottom of a square box. 

Third Expt. Lay a coin, or any similar bright substance, at 
the bottom of an opaque vessel, as an earthenware basin, 
and place the whole at such a distance that the edge of the 
▼essel just hides the piece of money from your view, Pour 
in water, or lay a bit of thick plate glass, upon the coin and 
it will again become visible. 
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It is in consequence of the refraction of light that straight 
posts, standing upright in smooth water, look as if they 
were broken at the surface of the fluid ; for a similar reason 
the bottom of a vessel containing water, or the bed of a 
clear stream, seems to us at a less depth below the sur&ce 
than we know it actually to be. 
Fig. S3. 

^ Let mn^fig, 33, be the 

plane of intersection be- 
tween two transparent 
media, as e. ^. air and 
glass, or air and water ; 
and let a ray Ml obliquely, 
as a 6, upon this surface 
Refraction will ensue; that 
is, the ray will take the 
direction either of be orhk: 
h is called the point of in- 
cidence ; mn is the surface 
where the two media are 
in contact, and is act 
necessarily a plane, though 
represented as such in the 
diagram for the sake of simplicity : de\s the perpendicular; Xt the 
angle of incidence j and y, or kbcy the angle of refraclxan^ according 
as the ray is bent towards the perpendicular or from it : z^cbf 
orfbk, measures the deviation of the ray from its original course. 
With bf the point of incidence, as a centre, describe a circle ; and 
from a and c draw ag and ch at right angles to the perpendicular 
de, then a^ is the sine of the angle of incidence, and h c the sine 
of the angle of refraction : the ratio of the former to the latter is 
the ratio of die ray's refraction. 

§300. 

The laws which have been deduced by experiment concerning 
the refraction of light, are the following ; — 

1.) Every ray is refracted toward the perpendicular in passing 
out of a rare into a dense medium ; when these circumstances 
are reversed, it is refracted from the perpendicular. Of two 
media that is sud to have the greater refracting power, in which 
the light is refracted towards the perpendicular. 

Thus, for instance, when light passes from air into water 
or glass, it is refracted towards the perpendicular; when 
from either of these substances into air, the ray is inclined 
from the perpendicular. If light comes from a vacuum into 
any transparent medium whatever, refraction takes place 
towards the perpendicular. ^ 
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2. ) I%e incident ray, the perpendicular, and the refracted ray lie 
in one and the same plane, termed the plane ef refraction, which 
standi at right angles to the plane where the two transparent 
media are in contact. 

3. ) TTie incident and the refracted rays are invariably on opposite 
sides of the perpendicular. 

4. ) In the same medium the angle of refraction continues always 
the same. 

The refractions which come most frequently under our notice, 

and whose proportions it therefore concerns us most to know, are 

those of air and glass, and air and water. The ratio between air 

and glass is nearly^! • ^ (ot more exactly, 17 : 11) ; between 

• air and water, very nearly 4:3. 

The accuracy of the above proportions may be shown by 
a very simple experiment. 

First Expt. Procure a board which may be made either 
circular or square ; if the latter, describe upon it a circle 
Jig. 33, and draw the two diameters mn, de at right angles 
to each other. Next in the two semi-circles on opposite 
sides of mil, make two angles x and y, such that their sines 
a g and h c shall be to each other, as 3 : 2. In each of the 
three points a, h, and c of the crooked line, fix a bright 
body, as a pin or a needle ; and between m n and Ac set a 
piece of glass about an inch in thickness ; when, in con- 
sequence of the refraction of the light, all the three pins will 
appear to he in one straight line. Next, let the sines be to 
each other as 4 : 3 ; immerse the lower half of the plane to 
m n in water, and the pins, as before, will be seen in a straight 
line. 

The ratio of refraction - is commonly expressed by a 

ftBcXxon, having for its numerator the sine of the angle of 
incidence ar of a ray supposed to proceed from a vacuum, and 
for its denominator the sine of the angle of refraction y, 
in the particular medium in question (Jig. 33.), This 

fraction - = . is then converted into a decimal, and 
n sm. y 

expresses the magnitude of the index or exponent of a body's 

refracting power. / 

The following tabU^rill show the refractive power of some 

of the principaktmnsparent bodies : — 



Digitized by CaOOQ IC 



44 HEFKACnON OF UORI. 





Index of Refraction 


Vacuum . - - - 




i-oooooo 


Hydrogen 




1-000138 


Oxygen - - - - 




l-OOOSTZ 


Azote - - - - 




l-OOOSOO 


Atmospheric air, at a mean density 




1*000284 


Olefiantgas ... 




1-000678 


Ice, a mean ... 




1-3077 


Water ... - 




is^<? 3 


Alchol .... 




1-372 


Oil of turpentine 




1-470 






1-6543 


Ditto,- extraordinary refraction 




1-4833 


Crown-glass, English 




1-500 


Ditto, Frauenhofer's, a mean 




1-532 


Rock-crystal - - - 




1-562 


Flint-glass, DoUond's 




1-584 


Ditto, Frauenhofer*8, a mean 




1-639 


Sulphur, natural 




2-040 


Phosphorus - • . 




2-224 


Diamond ... 


2-439 to 2-487 


Chromate of lead 


- 


2-936 



The last-named body has the highest refraetife power ; 
and the indices of the refraction <^ all known substances 
range, as the preceding table shows, between 1 and 3. 

No law has yet been cBscovered by which the difibrent 

refractive powers of bodies are regulated ; as a general rule 

it would appear, that dense bodies have a greater refractive 

power than such as are more rare, and that this power in- 

creases in the same substance when its density is increased ; 

this may be observed in the case of gases. This property, 

however, does not depend solely on a body's density, but is 

in part influenced by its chemical eompositioi^ thus it has been 

noticed that inflammable bodies refract light more strongly 

than such as are incombustible. 

5.) The refraction of ligfit is converted into its total reflection, 

if it passes out of a highly refractive medium into one that is less 

so and makes the angle of incidence so large that the angle of 

refraction exceeds 90^. If the angle of incidence be exactly such 

as to make the angle of refraction a right angle, then the ray will 

be propagated with increased intensity, in the direction of the 

plane bounding the refractive medium. 

Let m n, jig. 34, be the sur&ce of a piece of glass which 
is represented by the parallel lines in the diagram, the por- 
tion above mn being supposed to be air; then the ratio of 
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Fig. 


34. 
ft 


r, 


.A 


J" =^^-7^^^^:^=^ 


^^^F^^^^sT^^ 






-^^-^ 


^^M 


¥^^^^^^^ 


7^^^^^^Z4 


^jC^^^^^siSl 


^^^^£^i 



the refractions of these two bodies is — , and the sine of 

2 
the angle of incidence y = A c will be -r- of radius bn; 

2 3 
whence the angle of refraction x^ — . — s I = radius b m ; 

i, e. the light goes from h in the direction bm. In this case 
y«:41«^ 48' 37" ; for water the angle of total reflection as it 
is called is 48<' 27' 40". If angle y be greater, the reflection 
firom & obeys the ordinary laws. 

Second Expt. The total reflection of light may be thus 
shown by means of a glass prism. Cover the two sides 
^1 ^t fig- 35, composing the right angle, with black paper, 

leaving a small round 
^^' ^^' aperture in one of the 

covered sides for the ad- 
mission of a ray of light. 
Place the prism in such 
a position that the ray 
/to, from the luminous 
body at /, may strike 
the opposite uncovered 
face of the prism a c, at such an angle that it will be refracted 
in the direction m c, when an ol»erver at o would see the 
total reflection. 

Third ExpL, Lay a new coin or other bright object at 
the bottom of a sufficiently wide glass vessel, and pour in 
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water till it rises to a depth of two or three inches, and the 
ordinary reflexion may be seen at the bottom of the water, 
if the glass be held obliquely above the eye of the observer. 

Fourth Expt, Lay a prism on a sheet of written or printed 
pi^>er, and look perpendicularly down upon it, and the words 
will be clearly seen through the glara. Bring your eye 
gradually down towards one side of the prism, and the 
writing or printing will become invisible, whilst the under- 
side of the prism, acting like a mirror, will reflect with the 
greatest distinctness images of such objects as may be situated 
opposite to the prism. — Practical application of the prism in 
consequence of its possessing this property, in the construc- 
tion of the Camera lucida. 
6. When light passes out of any transparent medium whatever 
into another, the whole is not transmitted, but some portion of 
the light is reflected, for which reason there cannot exist any per- 
fectly transparent medium. (§ 276.) 

Hence the reflection of water and other transparent fluids, 
as also that of glass, even when it is not silvered. 

Fifth Expt, Admit a ray of sun-light into a darkened 
room, so that it may be received on a 
Fiff. 36. cube of glass, or on the surfieuse of some 
water in a glass vessel. At the point of 
incidence there will be a simultaneous 
reflection and refraction of the ray, as re- 
presented in Jiff, 36. 

The following general formulae, which 
express the relation that subsists between 
the reflection and refraction of light in 
bodies, were deduced by Poisson from 
theory, and they have been found in many 
instances to accord with the results obtained by experiment : — 

If — be the ratio of refraction for any transparent sub- 
stance, then the intensity of light felling perpendicularly will 
be as 1 : 7~7T — \« ; that of light entering the body and be- 

coming refracted, y . v , 



§301. 

As the nature of light itself is but imperfectly known by us, 
we can only hypothetically explain the causes which produce re- 
fraction. 
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According to the corpuscular theory, refraction is accounted 
for on the supposition that media of different characters and den- 
sities exert an attractive influence on those rays of light which 
approach their respective boundaries. According to this view, a 
highly refractive medium is one that exerts a powerful attraction 
on the particles of light which come in contact with it, and a less 
refractive medium is one that attracts the particles more feebly, in 
the former case accelerating, in the latter, retarding their velocity. 
If a ray of light Mi perpendicularly on a highly refractive me- 
dium its direction is not altered, but the velocity with which it 
is propagated is increased ; if it strike the medium obliquely, it 
will be drawn towards the perpendicular by means of the sup- 
posed attraction, which, it is assumed, acts at right angles to the 
plane of incidence. The converse obtains whenthe ray strikes 
bna less powerfully refractive medium ; for the attraction of that 
from which it has come is greater, and consequently the ray is 
more strongly drawn towards the medium it has left than to- 
wards the one it has entered, i.e, it recedes farther from the per- 
.pendicular. 

The following explanation may, perhaps, render the pre- 
ceding remarks more intelligible. Let 8b=btt fig, 37, 
represent the velocity and direction of light in the medium 
whence it comes to strike the surface n m of a second medium ; 
sb=zbt may then be regarded as the resultant of the two 
forces kb,bh (§ 23. ). If now 
Fig. 37. the second medium have a stron- 

, a get attraction than the former, 

I y/^ the component b h will be greater; 

I ^x let b o represent this force, then 

k A J /^"'^ "* *^® resultant will be 6 c, in 

'^ ^^^^^3^=^^^^^ : which case the ray is attracted 
^ M^t^a -^ ^^i^^^^^^^H T^ towards the perpendicular ; next, 
^^^rf ^^^£=;^>^^ let the second medium have a 
^^^ -^= ^^^E^:^=Ez:^^ less refractive power, then the 

e ' o component b h will be diminished, 

let bphe the attraction of this 
medium, and 6 c will be the resultant of the two forces k fc, 
bp, whence it appears that the ray is inclined from the per- 
pendicular. 
According to the undulatory theory, the refraction of light is 
to be attributed to a change in the velocity with which the par- 
ticles of ether vibrate, exactly reversing the assumption of the 
other hypothesis ; for the ether is supposed to move most freely, 
and to possess the greatest elasticity in vacuo ; in every other 
transparent medium its mobility and elasticity are impaired by 
the presence of a material substance, and these properties are 
variously affected in different media. In proportion as the free 
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motion and elaitie force of the ether are diminished, the velocity 
of the etherial Tibrations is diminished alto, prettj much as the 
velocity of sowid decreases in bodies of feeble elasticity. Of two 
transparent media, according to this theory that will possess the 
greater refractive power in which the vibrations are peformed 
3ie more slowly. I^ then, a wave of light strikes perpendicu- 
larly on the plane bounding two media, then the direction of the 
light will not be changed, but meriely the velocity ; thus, its 
vdodty wiU he ha in ^at which has the greater refractive power, 
and greater in that which has the less. If the direction in which 
the wave traveb be not perpendicular to the planes bounding the 
two media where they are in contact, it is evident that one por- 
tion of the wave will enter the second medium before the other 
portion. If the ether become less ekstic in this second medium, 
that portion of the wave whidi catered first vibrates less rapidly, 
and the wave is inclined so that the direction in which it is' pro- 
pagated approadies towards the perpendicular. On the contrary, 
* if the ether be more elastic in the second medium, the velocity 
of that portion of the wave which first enters is increased, whilst 
the remaining part continues to move at its original rate, and the 
wave becomes bent towards the plane of incidence. 

Fig. 38. 




To render these explanations more clear, imagine the 
waves of light to come from a very remote point a, fy. 
38, so that small portions of the wave, though really arcs 
of an immensely large circle, may practically be regarded as 
straight lines, and may be represented as such A B, A' B', 
A* B". We will now consider only A' B', on the particle 
b arriving at mii, the boundary of the second medium, the 
velocity of the wave becomes altered ; if the medium be one 
of higher refiractive power, the velocity of the light will be 
diminished, so that in the same time as it would have passed 
over the distance bf in the former medium, it will only tra- 
verse the shorter space b t. Meanwhile, however, another 
particle p of the same wave A' B', which moved in the upper 
medium, and consequently retained its original velocity, 
will have accomplished the distance pg, its path being both 
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parallel to hf, and equal to it. In the same time that part 
of the wave which has entered the denser medium is in the 
position etgt and what is true of this particular wave holds 
equally good of the others. It must be observed that the 
direction in which the undulation is propagated in the lower 
medium, is not th^ same as the direction a 6 in which it 
moved at first; for the perpendicular to etghhe, whence 
the ray 6 c is reacted towards the perpendicular. If, on the 
contrary, the lower medium have the less refractive power, 
then the wave of light enters into a more elastic ether, and 
its velocity becomes greater. The particle h of the wave 
A' B'fjiff, 38, performs the distance bt, whilst the particle /> 
in the upper medium traverses only the space pg; in this 
case the wave acquires the position etg, and 6 c is the per- 
pendicular to it, which marks the direction in which it ad- 
vances, consequently the ray 6 c is refracted from the per- 
pendicular. 

A. Htfraction of Light in Media having Plane Surfaces Jbr 
their Boundaries, 

§302. 

Parallel rays which fall upon a plane refracting surface, as a 6, 
^Vyfig- 39, continue parallel after refraction, as 6 c b'c', becausle 
the angle of refraction X is of equal magnitude in each. But if 

Fig. 39. Fig. 40. 




divergent rays proceed from any point and fall on a plane, they 
vill be less divergent if the medium they enter be of a greater 
refractive power than that from which they issued, and more 
divergent if the second medium be of lower refractive power 
than the former. This will be readily perceived on inspection of 
fig. 4O9 ah and a V being the original rays, and 6 c, h' c' the re- 
fracted rays. In the former case they appear to have come from 
ft more, and in the latter from a less, remote point a'. 

From these considerations we can explain a phenomenon 
already noticed (§ 299.), that all bodies under water appear to be 
nearer the sur&ce than they actually are. 

VOL. u. X 
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Fig. 41, 



§303. 

If several transparent media are arranged in parallel strata 
one above another in the order of their refractive powers, the 
most powerfully refractive medium 
being the lowest ; then a ray of light 
falling perpendicularly upon them 
will not have its direction changed ; 
but if a ray come obliquely, it will be 
drawn more and more towards the 
vertical line in each successive stra- 
tum, as is shown in Jig, 41. To an 
eye situated at <i, the radiant point 
r would not appear in its true situ- 
ation, but at /, which may be found 
by drawing a tangent to the curve 
« from a. 

Now, as we know (§ 198.), that the strata of our atmosphere 
are of increasing density as they approach the earth*8 surface, it 
follows that every ray of light falling obliquely on the atmosphere, 
must de»cribe a curve somewhat resembling the above. On this 
fact depend the phenomena of dw^ononomtca/ and terrettnalrefrae- 
Uofif as also do fiiose instances of unusucUre/T^aebUm that have been 
observed at different times, and which are known as Mirage^ Fala 
Morgana^ &c. 

Astronomical refraction is caused by the rays of light from 
the heavenly bodies falling upon our atmosphere, in conse- 

Fig, 42. 
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quenee of whicb no stars appear to us in their true places, 
except such as are exactly in our zenith; all others are 
more or less elevated, according as they are more or less 
near to the horizon; nay, they even seem to be above it after 
they have set. — Let the dark circle in fig, 42 represent our 
earth, and the concentric circles around it various strata of 
our atmosphere, whose densities decrease as their distance 
from the earth increases. Suppose an observer to stand at 
B ; thenz will be his zenith, H B H' his horizon, S any star, 
S B 2 its true zenith-distance, and S B H its true altitude 
above the horizon. But in consequence of the refraction of 
this star's rays in their passage through our atmosphere, as 
shown by the broken line S « B, it will appear to an observer 
at B to be at S', t. e. at less than its true distance from the 
zenith. Produce the original direction of the ray S « so that 
it may cut the apparent ray S'B in n ; then the angle B n D 
£>rmed by these two lines, is the aberration of the star S, or 
the refraction of its rays for the apparent zenith-distance 
z B S', at which it is seen by the observer at B. Tables 
have been constructed by which for any observed zenith- 
distance the refraction can be found, which will give the true 
zenith-distance. The greater this becomes, the greater also 
is the refraction, until for stars in the horizon it reaches the 
maximum, when it is about 33'. This horizontal refraction 
has the effect of elevating to or above the horizon such stars 
as are depressed below it — Referring still to the same dia- 
gram, let A be any star below the horizon B H of an 
observer at B ; on account of the rectilinear propagation of 
light the star would be invisible, were it not that on the rays 
A a frdling on the atmosphere at a they become tefr^cted in 
the curve a B, so that the spectatoir sees the star in the 
direction of the last tangent to the curve, t. e. it will appear 
to him at the altitude H B A' above the horizon. — One 
consequence of this atmospheric refraction is, that the sun 
rises earlier and sets later than he otherwise would, by which 
means our day is both advanced and prolonged. Inicentral 
Europe the longest day is thus lengthened about 8*5 minutes, 
and in the polar regions the sun's stay above the horizon is 
lengthened by a month. Again, in sultry weather, in the 
mornings and evenings the lower strata of air cool rapidly, . 
whilst the upper suffer but a small change in temperature ; 
in consequence of this the discs of the sun and moon appear 
flattened, so that their horizontal diameter considerably ex- 
eeeds the vertical ; this phenomenon is owing to the fact that 
the refraction diminishes with the height, the lower portions 
of these luminaries are consequently more refracted than^the 
upper. 

X 2 
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Since refraction affects the position not only of those 
heavenly bodies which lie beyond the limits of our atmo- 
sphere, but as all objects in it are also influenced in like manner, 
we speak of its operations on them as the effects o£ terrestrial 
reJractioHy one consequence of which is that distant objects 
(such espeeially as are in or near the horizon), hills, trees, 
buildings, &c., seem higher than they really are, and occa- 
sionally become visible from an opposite coast, when their 
great distance and the curvature of the sea's sur&ce prevents 
their being seen under ordinary circumstances. The differ- 
ence between this apparent and the true height of any object 
above the horizon, or the difference between the angles of 
these two altitudes, is the magnitude of the terrestrial 
refraction. 

Neither astronomical nor terrestrial refraction are always 
equal, as they depend on the density of the strata composing 
the atmosphere ; and from causes which have been noticed in 
the earlier part of this work, we know that the density 
varies. For this reason the measurement of celestial alti- 
tudes, as well as that of the heights of terrestrial objects, is 
greatly embarrassed when considerable nicety is required, and 
the results obtuned are consequently imsatisfactory. 

Nearly connected with that property of the atmosphere 
we have just noticed, is the unusual refraction sometimes 
called the Mirage. In this phenomenon distant objects 
which ordinarily are not visible, appear to float in the air ; 
and frequently inverted images of them are seen immediately 
below the spectra of the objects themselves, thus presenting 
a striking resemblance to the reflection of objects in water. 
This unusual refraction frequently happens when there 
intervenes between the spectator and the objects a large 
expanse of smooth water, as on the Oldenburg coast of the 
North Sea, where it is called Kimmungf or as at the straits 
of Messina, between Sicily and Italy, where the name of 
Fata Morgana has been given to the same natural pheno- 
menon. Scoresby has mentioned several instances in which 
he observed it in his voyages on the coast of Greenland, in 
1822. It has been noticed likewise on extensive plains, as 
the steppes and deserts of Asia and Africa, in which last 
quarter of the world it was taken notice of frequently by the 
French army, in Lower Egypt, in 1798-1799. These extra- 
ordinary spectacles are not always to be seen ; they com- 
monly happen towards evening, after a close and sultry day, 
when the air is in a calm state, so that the diflferent strata 
can arrange themselves according to their densities, and 
when a wind arises the phenomenon ceases. These aerial 
pictures are supposed to be caused partly by the refraction of 
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the rays of light, and partly by their reflection when they fall 
upon a stratum much rarer than that through which they 
first passed. See the 5th Law of Reflection, J 300. 

Expt, A result closely resembling the efirects of unusual 
atmospheric refraction, may be obtained thus : — C C, Jig. 43, 
is a box of sheet iron, about SO inches long, 6 or 7 inches 



Fiff, 43. 




high, and of about the same width. Fill it with hot charcoal 
and place it on a level with the eye of an observer : a red-hot 
poker may be substituted for the iron box. Look along the 
heated surface at some object M which is not at too great a 
distance, and you will see a direct image of it in the direction 
P M and an inverted one in the direction P M^ The second 
image is evidently caused by the reflection of the rays of light 
at N, from the heated and rarefied air that surrounds the 
sides of the box, and not by reflection firom the iron. 

An analogous phenomenon may be produced by arranging 
liquids of di£ferent densities one above another. Pour some 



Fig. 44. 




water into a glass 
vessel abed, fig. 
44, to the height 
mn, then add a so- 
lution of Glauber's 

salts, or coipmon 

* ^. salt, which must be 

carefully poured through a funnel with a very small mouth, and 
whose end reaches to the bottom of the vessel, so as not to agi- 
tate the water. By this means we obtain a fluid whose density 
decreases upwards. Stick a strip of paper on which a word 
is printed at « ; and by looking at o on the opposite side, 
and at an equal height with .«, the word will be seen in its 
natural position, by means of the ray o « ; and again an inverted 
image of it will be visible in the direction o^ in the higher 
and rarer stratum of fluid, in consequence of the reflection of 
the oblique ray 9i, 

§304. 

When a ray of light passes through a medium bounded by 

parallel superficies, z&t.g. a plate of glass, and surrounded by a 

E 3 
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uniform medium of less density, as air, then 0ie direction tf the 
incident ray is parallel to that of the emerging ray, and we con- 
sequently see all objects viewed through such a medium in their 
natural position ; for in whatever degree the light may be deflected 
towards the perpendicular on its entering the glass, it will be bent 
just as much from it on its emerging again into the dr. If the 
body through which the ray is transmitted be very thick, and if 
the light fall very obliquely, there arises a remarkable reflection 
of the ray, whose direction, however, suffers no change. Fig, 45. 
will make this more plain. 



Fig 45. 




Expt. The direction of the light 
may be made evident if a ray of sun- 
light be admitted into a darkened 
room upon a pretty stout plate of glass 
or upon a cubical glass vessel filled with 
water. The ray will describe the path 
indicated in^^. 45. 



§ 305. 

If the sides of the medium through which the ray is trans- 
mitted be inclined at an angle to each other, as b the case in a 
prism, then the ray, on quitting the body, will not be parallel to 
the incident ray, but will be turned towards the thicker part of 
the prism (it is assumed that the prism is denser than the ambient 
medium). An eye placed so as to receive the refracted ray, will 
not perceive the luminous point itself but only an image of it, in 
the direction of the refracted ray produced, and consequently 
nearer the vertex of the prism than the actual point. The angle 
which represents the ray's angular change of direction is called 
the Angle of Deviation, 

The passage of a refracted ray through a prism may be 
deduced firom the laws of refraction 
with which we are already ac- 
quainted. The simplest case will 
be that in which the ray is supposed 
to fall perpendicularly, as a 6, fig. 
46, upon the &ce A C of the prism 
ABC. ITien (by § 299. ) this ray 
is not bent till it arrives at the side 
B C on which it impinges obliquely 
at c ; when it emerges into the air, 
it will not continue in the direction c d, but will be bent 
from the perpendicular m c in the direction c o, according to 
the index of refraction of the surrounding medium. An eye 



Fig, 46. 
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at would therefore see the radiant point at a' instead of at 
a, and the angle aca' will be the angle of deviation. 

In a ^milar manner we might easily determine the direc- 
tion a ray must take falling obliquely on the side of a prism, 
if we knew the index of refraction of the transparent medium. 
Let A B C be a transverse section of a prism of common 
glass, ^. 47, and let the ray ab fall obliquely on A C, then 
on entering the prism it will be 
Fiff. 47. refracted in the direction be, 

which is found by drawing the 
perpendicular ebmj and from the 
given angle of incidence x we 
obtain the angle of refraction y, 
the relative refractions of air and 
glass being 3 : 2 (§ 300.). The iray 
b e, on its emergence into the air at 
C takes the direction co, which is found by drawing the per- 
pendicular/c m, and making the angle of refraction v, in due 
proportion to the angle of incidence z ; the ratio of the re- 
fractions of glass and air, it will be rtmembered, is as 2 : 3 ; 
the angle cdb is the angle of deviation. 

Exja, Admit a ray of sun-light into a darkened room so 
that it may fall perpendicularly on the side of a glass prism, 
Sisab, fig, 46, and the ray will be seen to take the direction 
indicated in the diagram by the line a c o. If the light &11 
obliquely* its path will be that shown by the line abto. 

If a be a luminous pomt, as for instance an aperture m 
a shutter through which a sun-beam is admitted, or if it be 
the flame of a candle, and a spectator should stand at o on 
the opposite side of the prism, the radiant point will be seen 
by hun, not at a, but at a!, nearer to the vertex of the prism. 

Thia refraction of light, as well as the change of place 
undergone by the object, is attended with a remarkable dis- 
play of colours, of which further notice will be taken 
presently. 



5 306. 

If a transparent body have many faces, the rays of light trans- 
mitted through it will take different directions, according to the 
inclination of these feces. An eye in which such a pencil of rays 
meets, will see the object repeated as many times as the polyedron 
has sides-; hence the name kjX. Mvhijfiying Glcuses given to glasses 
of tlus constru<;tion. 

L,et fig, 48, A B C t), represent such a glass, having three 
X 4 
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Fiff. 48. 



faces. The rays d b from a luminous object at d will be refraC' 
ted in passing through the glass, 
so that an eye placed at a, where 
they meetfWould see three images ; 
one direct at d^ and two by re- 
fraction at <P, d*. 

The Dioptric Anamorpho9e$ de- 
pend on this species of refraction. 
They are pictures which, when 
viewed through a kind of multi- 
plying glass, present to the eye 
images very unlike the pictures 
themselves. 




B. Eefraction in Glasses having Curved Surfaces, t. e. in Lenses, 



§307. 

Glasses, one or both of whose surfaces are iphdrical, ne. which 
constitute segments of spheres, are termed Lenses : they are of 
two principal kinds, convex and concave, fig, 49. Convex lenses 
have either both sides convex, I*, and are termed double-convex ; 
or they have one side plane and the other convex, II*, plano- 
convex ; or one side convex and the other concave, III* (such 
that the two sur&ces, if continued, would meet), and are called 
menisci. Concave lenses are either, IV*, 
Fig. 49. dotibk-convex ; or V*, plano-concave ; or VI*, 

concavo-convex, the concavity exceeding the 
convexity. 

Lenses III* and VI* are termed 
periscopic lenses; when their concave 
and convex surfaces are equal, they 
act as plane glasses. 

Lenses are usually made of glass, 
but sometimes, for various purposes, of 
polished rock crystals and precious 
stones. Hollow glasses, whose inter- 
vening space is filled with some fluid 
of high refracting power, are some- 
times substituted for lenses of %cA\d. 
glass. 



!• !!• Ill* 

H( 

IV* V* VI» 

ID 
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The point c, fig, 50, is called the gtometric centre or centre of 
emrwxtureotA lens; jP9is the diameter or Unear aperture s and m, its 
middle point, is the optical centre ; a straight line drawn through 
Mf at right angles to the diameter, is termed the axis (p and q 
are the verticee of the lens). Radii, as en, cs, being at right 
angles to the curved surfaces, constitute perpendiculars for every 
point of incidence of a ray of light. A principal ray is one which 
passes through the optical centre, as / m o. 

§ 308. 

If we conceive planes to be so placed as to touch all the lenses 
at the points n n, it is evident that such planes must be at right 
angles to the axes, and consequently parallel to each other ; but if 
planes touch the surface of a lens at any other two points either 
above or below the axis, such planes will cut each other, and 
their angle of intersection will be greater as their points of con- 
tact approach the rim of the lens. Hence all lenses in the refrac- 
tbn of light act like prisms formed by the two touching planes, 
which we have imagined to be placed on the surface of the glass 
at the points of a ray*s incidence and emergence. They therefore 
resemble a combination of an infinite number of prisms with 
varying angles of refraction, or multiplying glasses with an infi- 
nite number of refracting surfaces. Since every ray of light 
which passes through a prism, is refracted towards the thicker 
part (§ 305. ) of the prism, it follows that convex lenses will refract 
rays towards the axis, and concave lenses will refract them from 
the axis. 

§309. 

After the explanation just given as to the general principle on 
which lenses act, we shall be able easily to determine, by means 
of the laws of refraction (§ 300.), what path a ray will pursue on 
its emergence from the glass. 
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Comvex lemtes refract the rays of Ught in the following different 
ways: — 

1.) A ray of light filling oo a convex glass in the direction of 
its axis, passes through without suffering refracdon ; because it is 
perpendicular to the surfiuse, both on entering the lens and on 
emerging from it Likewise every principal, ray I km no, fig. 
50> is transmitted without any change of its direction, unless 
the thickness of the glass be considerable. 

2.) All rays parallel to the axis will be refr^u^d so that on 
quitting the surface of the lens, they will converge until they at 
length cut the axis. If these rays are near the axis, as r s, fig. 
51, they will meet after refraction in the point/, which is called 
the^/bctis of the Iens» Its distance 
Fig.^ 51. fn from the sur&oe of the glass, or 

fm from the optical centre, is 
termed ^ food dUtanee; tiie 

c n r i k 1» '''*** ^^^^ focus of paralld rays is known as 

the prineiptd fi>eu9, and its distance 
as the frindpfd fiicai dUtanee, In 
double convex glasses it is equal to 
the radius of the spherical sur&ce ; 
in plano>convex glasses it is equal to the diameter. 

The focus may be found practically by means of the sun's 
rays. 

Those rays which are incident to the glass at a distance 
from the axis, intersect such as fall upon it nearer to the 
axis ; and, being refracted to a focus less remote than the 
principal one, they generate both an inJUstinehusa of the foeug 
and also the caustic lines or curves. To counteract these 
effects of spherical aberraiionj as it b called, the rims of lenses, 
and sometimes a part of their surfaces too, are covered with 
rings of some non-transparent substance ; so that the rays 
which pass through the aperture, may lie so near the axis as 
to meet, after refraction, pretty accurately in one point 

First Expt. The refraction of parallel rays can be most 
clearly shown, by adopting the method described in the first 
experiment (§ 293.) with a concave mirror. 

Second Expt. The caustic curves may be distinctly seen 
by filling a cylindrical glass vessel with water, and placing it 
on a sheet of white paper, the rays of light being made to 
pass through the fluid. 

Note, i 309. 2.) It is auumed in the text, that the lens is fqualiy convex : 
if, however, this is not the case, put r and f* for the radii of the surfaces, and 

f for the focal distance, then/ s tllL . If the plane side is exposed to pa* 

•' rxr 

rallel rays, it is true of a plano-oonrex glass that/oiir ; but if the other tide 

be exposed, then if < » thickness of the lens, /■■ 2 r^^" 

3 
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S.) All divergent rays from the principal focus of a convex 
lens falling on the surface of the glass and near to the axis will, 
after refraction, continue their course parallel to the axis, and will 
therefore never meet. 

This direction of the rays will be evident on inspection of 
Jiff. 51, if it be merely assumed that they proceed from the 
fi>cus/ 

4.) Divergent rays which come from a point in the axis more 
remote than the principal focus, as e. ^., r «, Jiff. 52, will, after 
refraction, converge beyond the lens. They will, therefore, at 
• length meet in a point r* in the axis, whose distance from the lens 
exceeds the principal focal distance ; and this point will be more 
remote the nearer the radiant point is to the focus. / 

Fiff, 52, a, shows the direction of the rays. 

Fiff, 52. a. ^ Fiff. 52. b. 



5.) Lastly, rays which come from any point in the axis nearer 

to the surface of the lens than the focus, diverge more widely 

than such as proceed from the focus. They will, therefore, be so 

refracted as to continue divergent after emergence from the lens. 

The direction of such rays is depicted in^^. 52. 5. 



§ SIO. 

The image of any luminous point whose rays are refracted by 
a convex lens, is formed at the point of these rays' intersection. 
If we find where two rays that pass through the lens intersect, 
we shall thereby determine the position of the image. Of the 
infinite number of rays which, issuing from a single point, are 
transmitted through such a glass, there are two that will be found 
the most convenient to employ ; viz, one principal ray, which, if 
the lens be not of excessive thickness, will pass through the opti- 
cal centre and proceed without suffering any change in its direc- 
tion ; and one ray parallel to the axis, such that, after refraction, 
it will go through the focus. The point of intersection of these 
two rays determines the position of the image of the radiant point. 
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Fig. 53. 




To detennine the position of the image of the radiant point 
^9^^> 5S, draw r s parallel to the axis ; this ray, when refrac- 
ted, will pass through the focus /in the direction /r' ; draw 
another ray, which shall be transmitted so as to pass through 
the optical centre m, and persevere unchanged in its direction 
to r* ; this, their point of intersection, is the image of r. 

The image of any radiant point in the axis of a lens will 

also be in the axis ; and the image of a point on one side of 

this line, wiU be found on the opposite side of it. 

To determine the position of the image of any object whose 

rays are refracted through a convex-glass, find the images of a 

succession of points composing the boundary lines of its figure. 



§311. 

The following phenomena will be produced by the refraction 
of rays of light through convex lenses, agreeably to the laws ex- 
pluned in the last § but one. 

1.) All objects at a greater than its focal distance from a con- 
vex lens, produce on the opposite side of the glass an inverted 
image floating in the air, hence called an aerial image, 

2. ) If the object be very remote, as the sun, an extremely 
small inverted image of it will be seen near the focus of the lens. 

3. ) If the object be brought nearer to the focus, its inverted 
image recedes further from the glass and becomes gradually 
larger. 

Fig, 54. 



X 



4.) If the distance of an object from 'the surface of a lens be 
equal to twice its focal distance, the aerial image will be at a 
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similar distance on the other side of the lens and of the same size 
as the object itself. See ^.54. 

Fig. 55, 




5.) If the distance of the object firom the focus be diminished, 
its aerial image will recede from the glass, and its dimensions will 
exceed those of the object. See Jig. 55. 

These images, like those reflected from concave mirrors 
(§ 295.), may be received on any white ground. 

Application of these images in many optical instruments, 

as in the Camera obscura, the compound microscope, the 

refracting astronomical telescope. For detailed explanations 

see below §§ 350. —355. 

6.) If any radiant body, as the flame of an Argand lamp or a 

red-hot coal, be placed in the focus of^ convex lens, no image of 

the object will be produced, but the whole sur&ce of the glass 

will be rendered luminous ; because, by 3. § 309 ^ all the rays 

which are transmitted through the lens, are parallel to its axis. 

In consequence of this property of convef^ lenses, they are 

used in microscopes and other instruments to increase the 

intensity of light. 

7.) Lastly, if an object be situated between the focus and the 

surikce of l^e lens, as N S» fig, 56, there will be seen on the 

same side of the lens with 
Fig. 56. the object itself, an erect 

magnified image, n «, of it, 
whose distance from the 
glass is inversely as the 
distance of the object from 
the focus. In this case the 
rays which are refracted 
^through the lens diverge, 
agreeably to what has been 
observed in § 309., and 
intersect, as at n and «, on the same side of the lens as the object 
is atuated on ; to a spectator they seem as if they actually pro- 
ceeded from these points of intersection. 

Convex lenses are called magnifying glasses, in consequence 
of their increasing the apparent size of objects viewed at a 
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small distance through them : they are also termed burning 

glasses, because when the sun's rays are brought to a point, 

after passing through a lens of this kind, they produce a 

strong heat. 

If the phenomena which have been just explained above be 

compared with those produced by concave mirrors, § 295., it will 

' be found that precisely the same effects follow the refraction of 

light through convex lenses, as attended its reflection from concave 

mirrors. 



§312. 

In the refraction of rays through concave knses, we observe 
that— 

1.) A ray falling on the lens, in the direction of its axis, passes 
through without suffering refraction ; every principal ray, also, 
continues its course without changing its direction. Compare 
§ 307. and^^r. 50. 

2.) The direction of all other rays is changed by refraction ; 
and after emergence from the lens, their divergence increases. 

Fig. 57. 




3.) Rays near to the axis, and parallel to it, diverge after refrac- 
tion, and appear, if produced, to come from a virtual focus, as is 
shown in ^p. 57. 

4.) Divergent rays from any point in the axis, diverge still 
more widely after refraction, and seem as if they came from a 
point nearer to the surface of the lens than that from which they 

actually proceed ; in Jig. 58, 
Fig. 58. the rays from /' are refracted 

towards r, and appear to have 
proceeded from r*. 

5.) As concave lenses do 
not bring the rays which they 

» _.riV.'-^ refract to a focus on the op- 

'''^ posite side to that on which 
the object stands, it foUows 
that they do not present us 
with any aerial images of 
objects, but that we see the 
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objects themselves thiougfa lenses of this kind, as geometric im&ges, 

on the further side of 
Fiff. 59. the glass. These images ' 

are erect, they are in- 
rariably less than the 
objects themselves, and 
are apparently nearer to ' 
the glass. See Jig, 59. 
The image of very re- 
mote objects is extremely 
small, and is situated in 
the virtual focus. 
For this reason these lenses are sometimes called Diminuh' 
ing GfUuses. 
If the reflection of light from convex mirrors (§296.) be com- 
pared with its refraction through concave lenses, it will be seen 
that their effects are precisely similar. 

[All the phenomena respecting the refraction of light 
through convex and concave lenses, which we have deduced 
by construction, agreeably to the universal Law of Reflection 
(§ 300.), maybe inferred and demonstrated geometrically by 
a process resembling that we have already adopted with 
regard to spherical mirrors, §§ 295. 296.] 




^ «^ t 



Let Jig. 60, L L represent the section of a convex lens, in 
the direction of its axis D F } let M be the centre of cur- 
vature of the face L G L, and M' that of L E L. 

1.) Let D be any radiant point in the axis, and DB 
an oblique ray from it : then C F will be the ray after refrac- 
tion, and OF its focal distance^GF nearly, if the thick- 
ness of the lens be inconsiderable. 

Now let radius MG=r, and M'E=r', 

D £=:a, distance of object from lens, 
F G =0, distance of image from lens, 
H B, a perpendicular to tangent at B. 
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ZDBH«e, ZABC=6, IBBU^x, 
I ACB^e', ZICF=6', ZCFM'«*(, 
Z. AM£«y, and the ratio of refraction between air and 
water sn ; 1. 

Then, */ sin. e : sin. b^n I 1, 
and sin. V l sin. ^^n I I, 

,\ sin. e : sin. &=ssin. V I sin. e', 
,\ sin. e + sin. V I sin. b-k-uiL e'ssin. e Imin. b, 
-n : 1. 
And if the' angles are very small, since the sines of small 
angles are nearly equal to the angles themselves, 

/, e + V : 6 + «'=n : 1. 
Nowessx + y', 6==a:' + y, and b + e^^ L BAM==y + y^; 
/. x + y' + ar'+y ; y-^-yf^n : 1, 

x + x' : y + y'ssn— 1 : 1, 

x + x'=(n-l)y + (n-l)y'. (A) 

And since the angles are very small, we may consider 
their arcs as right 4ines perpendicular to the axis D F ; then, 

BE BE ^ , CG CG 

tan. X =B — — sa ; tan. af = — — = ; 

DE a FG a ' 

CG CG ^ , BE BE 

tan, V « = : tan. tr = » 

^ MG r ' ^ M'E r • 

Also, since the angles are very small, we may substitute in 
equation (A) the tangents for the angles ; 

a a r r 

and since the thickness of the lens is inconsiderable, 
.*. B E » C G nearly ; whence from the last equation we 
have 

1 ^ 1 ^n-^^ n-1 

a a r r' 





. 1 

a 




1 
a 


Letasr 


00 , t. e. 


let th^rays be 


parallel : 


. 1 
.. - = 

a 


n-1 

r 


''-^■ 




"> 


n-1 

r 


-'-^ 





Non — In these equations the angles are supposed to be measured by the 
^ _^ subtending arc 
'^^'^ radius • 
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Both these approximate equations are available for all 
kipds of glasses, observing only that for concave leases r and 
1* will invariably be negative. If any one of the 5 magni- 
tudes <ky a^ n^ r^? vi unknown, it may be found by means of 
these formulae. 

2.} Let the radiant point N,^^. 61. he without the axis As 




of the lens L L, and let its position be determined by the 
abscissa As^a, and by the ordinate SNs=&. If the rays 
from N make but an inconsiderable angle with the axis, 
then their focal distance n, may be ascertained by the inter- 
section of the principal ray N A n going through the optical 
centre A, and the ray incident at I and refracted to I'*. 
Let abscissa As^^a and its ordinate «n=j8, then its posi- 
tion is accurately determined by the equations : — 

f r r a a 

a 

The proof expressed in words is precisely the same as in 
§295. 

Now from the foregoing it follows : — 

A. For davhte-eonvex lenses, the radii of whose curvatures 
are equal, t. e, r=r' 

2(n-l) _l ^ 1 



and as for common glass ii = 



S 



a a 
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1.) When as 00 , t. e. when the object is rerj remote, 

r a 
or o = r =/ 
t. e. the focal dutanee is equal to the rvwitaM. 

The physical image of the object is produced in the other 

focus, it is inverted, and by equation 2.) )3 = f!. 6, for it is 

a 

infinitely small ; in this case )3= — . h 

Ob 

S.) The more a is diminished, t. e. the nearer the object 

is brought to the lens, the less - becomes, and consequently 

the' greater a becomes. The inverted ^ysical image is, 
therefore, further removed from the opposite focus, and 
magnified. 

3.) If a=r, t. e. if the object be in the geometric centre 
(in one of the principal foci), 

a r r 
/. a = 00 , t. e. no image is produced, because the rays 
emerge parallel to the axis. 

4.) When aKr^ue, when the object is between the focus 

and the lens, ->-,.*. a is negative i and an erect vertical 

a r 

image is formed on the same. side of the lens, such image 
being more remote and of larger size the nearer the object 
is brought to the focus ; i. e, 

l = i - ?. 
r a a 

B. For double-concave lensest the radii of curvature being 
similarly expressed, the equation becomes : 

r a a 

1,) If a = 00 , then — _ = -, /, a^ — r = — /; t. e. the 

r a 

image is erect, and in the focus on the same side of the lens 
as the object itself is. 
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2.) The less a becomes the less also will a be, retaining 
still the minuB sign, so that for a=^r, we have a= — - ; for 

« B . we hare 0= — . 
2 S 

Hence these images will invariably &11 on the same side 
with the object, between the focus and the lens ; they are 
also erect, virtual, and diminished. 

C. For plano'convex leiuu, where r' =« 00 
n-l ^ 1_^ 1 
r a a 

a 

and as for glass n^ - 



-L-i + i 

2r a a 



If 



1.) «« 00, then 1= JL /. o=:2r=:/. 

2.) a=2r, then - = 0, /. oaaoo^ 
a 

3.) a=:r, then 1 = - i-, /. o=:-2r. 
a 2r 

D. For fHano-convex knsea the equation is 

itr a a 
whence the other values can be found the same as in C. 

For toncavo-convex gloites the equations may be deduced 
from the preceding, by making the radius r or r' of the 
concavity negative.] 



V. DOUBLE KEFRACTION OP UGHT. 

§313. 

By double refraction is meant, that property possessed by many 
transparent bodies, of dividing into two portions such rays of 
light as are transmitted through them. Objects viewed through 
these substances consequently appear double. 

This peculiar refraction, however, does not obtain in every 
direction in which rays may pass through the transparent body ; 
F 2 
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but there are one or two right lines in every such body by which 
the law of this phenomenon is determined. These lines are 
termed the axet of douUe refraction, and rays which are trans- 
mitted either parallel to one of these axes, or at right angles to it, 
will not suffer this double refraction, whilst such as pass through 
in any other direction will be thus affected. Further, the ratio 
of the refraction of the two divided rays varies in different bodies, 
and in many it is very smalL 

§ 314. 

Iceland tpar is, of all crystallised bodies, the one in which this 
peculiarity can be most readily observed, because all the natural 
crystalline faces are so arranged with regard to the axis, that 
every ray which passes through must necessarily be doubly 
refracted. 

The primitive form of this spar is a rhonAoedron, or solid 
bounded by six rhomboids, fig. 62. A straight line drawn from 
one of the obtuse angles b of the crystal 
to. its opposite angle A, is its principal 
axis of double refraction. If we ima* 
gine a plane bfhd, to pass through 
this line, so as to cut the upper and 
lower faces abed, efgh of the spar at 
right angles, this will be the principai 
section. But by § 8S. every perfect 
crystal may be regarded as an aggr^ate 
of an infinite number of molecules similar 
to its primitive form : it follows that 
every line parallel to this principal axis, will also itself be an axis 
of double refraction, and a plane passing through it and at right 
angles to the top and bottom feces of the crystal, will also be a 
principal section. Lastly, all the faces bounding the crystal 
through which a ray passes are called refracting planes. 

The following are the phenomena which nuiy be observed to 
attend the double refraction of light in calcareous spar : — 

1.) If the refracting planes intersect the axis at right-angles, 
an object viewed vertically through the spar will be seen singlj. 



Fig. 62. 




Fig. 63. 




First Expt. Prepare a piece of 
spar, by taking off its obtuse angles 
in such a manner that the bounding 
planes may be at right-angles to the 
axis of double refraction, t. e. if ac 6 </, 
fig, 63. were a principal section, and 
ab the axis, then mn and op would 
represent the position of these re- 
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fracting &ces. Every ray falling perpendicularly; on them, 

tOfex.gr,, af, suffers no double refraction, but passes through 

as a single ray, in the direction /(. Lay one of these fiices 

upon a piece of white paper on which a dot is made, and 

place die eye vertically over the dot, it will be angle. 

2.) If the refracting faces be parallel to the principal section 

or to the axis, an object viewed vertically through the crystal 

will in this case also appear single. 

Second Expt. Let ach d, fig. 64., represent the principal 

Section of a piece of spar, a h will 

be its axis of double refraction, and 

op and m n will be the faces poHshed 

parallel to it. Every ray, as <2^ 

falling perpendicularly on them will 

not be refracted as a double ray, but 

will continue singly in the direction 

fc, — In this instance a point viewed 

as in the first exp'eriment will be 

single. 

3.) When the refracting surfaces neither form right-angles 

with the axis nor are parallel to it, an object viewed through 

the crystal will appear double. This will be the case when a 

ray is transmitted through the natural face of the crystaL 

A portion of the light b refracted according to the ordinary 
laws of refraction, but the remaining portion deviates from this 
course. The former ray is known as Uie ray of ordituiry and the 
latter as that of extraordinary refraction. 

Third Expt. Admit a fine beam of sunlight into a 
darkened room so that it may be 
Fig. 65. received on a face of Iceland 

spar : the ray I m, fig. 65, 
on entering the crystal will 
be divided into two rays 
mn, mp, which on emerging 
into the ambient air will be 
continued in the direction 
no, p q, parallel to each 
other. 

Let abed again represent 
the principal section of the 
crystal, and a 6 its axis: then 
the refiracting faces, a d, a c, 
bCfbd, make with it acute 
angles, and every ray falling 
on them is doubly «efracte£ 
For instance, let /m be a ray 




w S 
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of light Striking the &ce a d in the point m ;fHr would 
be its axis, and the ray Im would be divided at m into the 
two mn and mp. The line mn is the lay of ordinary re- 
fraction; its direction is determined from the index of 
refraction (§300.) according to the ordinary laws of re- 
fraction, and it is marked by the dotted line. The line mp, 
on the contrary, is the ray of extraordinary refraction, whiefa 
IS inclined &rther from the axis than the c»tber, and is dis* 
tinguishable from it in the diagram by its having little 
transverse lines drawn across it. — In calcareous spar the 
angle nmp Ibrmed by the divergence of ^ese two rays is 
6^ 12' when the ray impinges perpendicularly on the crystal. 
— > On emerging from the fiice be, both the rays suffer a 
second refraction, and as the two refracting faces ad,ch are 
parallel to each other, they continue in a direction parallel 
to tiie incident ray I m, and to each other, 2Apq and n o. 

Fourth Expt. Lay a piece of Iceland spar with its 
natural &ce over a black poiiit printed or written upon a 
piece of white paper ; the point will be seen double in what- 
ever portion the crystal may be placed. 

If we look vertically down upon the crystal, both points 
will be in the diagonal of the obtuse angle, or in the line of 
the principal section. The point which is nearer to the 
acute angle of the upper face of the crystal is seen there ia 
consequence of the extraordinary refraction. 

If the crystal be turned round over the point whilst the 
eye is steadily fixed in the same position, the image formed 
by the extraordinary refraction moves with the principal 
section about the image which is formed by the ordinary 
refraction. — Thus it is easy aJt any time to determine 
which is' the ray of ordinary and which of extraordinary 
refraction. 

Fifth Expt Place one of these crystals with the diagonal 
of its obtuse angle over a straight line, and but one image 
will be seen, because both the refractions are in the direction 
of this line, the observer as in the former case looking 
perpendicularly down on the spar. Turn the crystal, and 
two lines will be visible, which will recede from one another 
until the diagonal cuts the line at right angles, when the 
image of extraordinary refraction will have attained its 
maximum distance from the image of ordinary refraction. 
If the revolution of the crystal be continued, the lines will 
appear to approach till the diagonal of the principal section 
again coincides with the line. 

Fig. 66. will illustrate the production of the double image 
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Fig. 6€. 




spoken of in the above expe- 
riment. Let adhe represent a 
principal section, and a 5 its 
axis. Suppose there to be a 
point p, beneath the face e 6, 
observed by an eye above the 
face a dot the crystaL Now if 
p m be a ray striking the &ce 
eh, on entering the crystal it 
will be divided into the ray of 
ordinary refraction m Z, and the 
extraordinary ray m/, which 
recedes from the axis m r. The 
emergent rays lo andfi, which 
are the continuation of these 
two refracted rays, are parallel 
to pm and to each other. 
Again, let » be a point near to m, 
and let p » be its incident ray : 
it will also be cleft into the 
ordinary ray n h, and into the extraordinary n g, which on 
emerging from a d will continue in the directions h k and 
g Of parallel to p n and to each other. Since the ray of 
extraordinary refraction forms with the ordinary ray an 
angle of a few degrees, it is readily perceived that if the 
pcnnts m and n are sufficiently near, the ordinary ray mlo 
will be cut by the extraordinary n g somewhere between I 
and m ; let it then be cut in x. But as the emergent ray I o 
is parallel to p m, and g o to pH,lo and g o must intersect 
each other somewhere beyond a d; let them do so in o. Now 
if a spectator stand so that his eye at o shall receive these 
two rays, he will see the point p by ordinary refraction in 
the direction o/, and by extraordinary refraction in the 
direction o g, or at p', that is to say, nearer the acute angle d 
of the body. If the crystal be made to revolve about the 
ordinary ray op which goes perpendicularly through it; then 
the image p' generated by ordinary refraction will move in 
the same direction as the crystal around p. 

Of the crystals which possess this property of double 
refraction, there are many which have only one axis of double 
refraction, as the Iceland spar ; others again have tw9 axes, 
which are variously inclined towards each other. To the 
former class, besides the Iceland spar, there belong rock- 
crystal, tourmaline, sapphire, ruby, emerald, &c. ; to the second 
class mica, topaz, gypsum, arragonite, nitrate of potash, &c. 
In all crystals with only one axis of double refraction, 
which for the most part coincides also with their axis of 
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figure, the ray of extraordinary refraction obeys the same law 
as in the Iceland spar ; the numerical values of their indices 
of refraction difl^r however, and in most other crystals, a» 
ex. gr»^ in rock-crystal, the axis of double refraction is 
parallel to the natural face, so those rays of light which 
pass through these parallel fiices do not suffer double refrac- 
tion. In order to produce this effect plainly, it is necessary 
by artificial means to make their sides inclined with respect 
to this axis, lliis ftirther difference obtains between these 
bodies — that in some of them the ray of extraordinary refrac- 
tion is inclined from the axis, and in othen towards it, more 
than the ordinary ray. The former, to which class the Iceland 
spar and rock crystal belong, are said to have a negative 
axis, the latter, as zirconium, a positive axis. 

The explanation of this phenomenon afforded by the 
,undulatory theory proceeds on the assumption that the 
aether suffers an unequal division in the interior of those 
crystals which have a principal axis, and that this effect is 
somehow connected with the laws which regulate their 
crystallization. (§ 88.) It can be conceived that the forces 
of crystallization which act variously in the direction of the 
axes, so modify the aether contained in the crystals as to 
cause the vibrations which are parallel to the axis to receive 
a higher velocity than is attained by such as are at right 
angles to it. Consequently, the undulations are propagated 
unequaHy, and also a division of the ray takes place on its 
entrance into the new medium* those undulations which are 
propagated most rapidly having a less index of refraction 
than such as vibrate more slowly. (§ 301.) The equilibrium 
of the transverse axes in these crystals is explained by sup- 
posing that the vibrations which happen in planes perpendi- 
cular to the axis of the crystal all have equal velocities. 
The law of refraction for these undulations is consequently 
a sonstant quantity; those vibrations which occur in a plane 
perpendicular to the principal axis produce the niy of 
ordinary refriiction; but that portion of the vibrations which 
is parallel to the axis, and subject to another law of refraction, 
on account of the retarded velocity with which it is propa- 
gated, generates the ray of extraordinary refraction, and it is 
easily seen that its direction must of necessity depend on the 
position of the incident ray. 

Vi. THE PHINOMKNA OF COLOURED LIGHT. 

§ 315. 
Besides producing the phenomena already noticed, light 
also excites in us the sensation of various eoUntre, 
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The principal source of light to the inhabitants of the earth 
is the Sun, whose light is white or colourless, as is that of most 
of the other heavenly bodies ; to this general rule there are 
however some exceptions. The light of luminous terrestrial 
bodies, as that of a flame, is seldom pure white or colourless ; it 
is almost always more or less coloured ; sometimes indeed it is 
very strongly so. 

All white light, and especially that of the sun, possesses the 
remarkable property of becoming coloured by various means, 
but principfdly by being refracted and reflected. The colours 
obtained by refraction are termed the prismatic colours ; those 
which opaque or non*luminous substances exhibit when they 
either reflect or transmit white light, are called natural colours. 



§ 316. 

The prismatic colours are produced by transmitting white 
light, especially that emitted by the sun, through colourless pris- 
matic bodies, as, for instance, through prisms oS crown or flint 
glass. Six of these colours can be plainly distinguished by the 
human eye, tnz., red, orange, yellow, gre^n, blue, and violet. 

Every ray of sunlight transmitted through a prism, suffers not 
merely the ordinary refraction (§ 805.), t. «., it is not merely de- 
flected towards the broad face of the prism, but it is also dispersed 
in the form of a fan and coloured, the pencil of rays maintaining 
this direction in the plane of refraction. This phenomenon is 
called the dispersion of light, and the six colours compose the solar 
or prismatic spectrum. These colours are invariably found to pre- 
serve the same relative positions, namely, the red is always least 
diverted from the vertex of the prism ; next orange, then yellow, 
l^reen, blue, and last of all violet, which is the most refracted. 
Light, therefore, of each of these individual colours, possesses a 
different refrangibility, gradually increasing throughout the spec- 
trum from red up to violet 

The intensity, also, of these differently-coloured lights varies, 
that of yellow being the greatest, the strength diminishing towards 
each extremity of the spectrum. 

First Expt. The Solar Spectrum produced by refracting 
the sun's rays through a prism. 

Admit a sun-beam «Z(^^. 67.), through an aperture into a 
dark room. Receive the ray in the prism ABC, and you 
will ob^rve, 

a.) Instead of the circular image of the sun which would 
have been produced by the ray, we obtain, by passing the 
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Fig. 67. 




beam through a prism, a stripe of light r v, which may be 
most conveniently received on a white screen, or even upon 
the wall of the room : the direction of the refracted ray we 
know from § S05. The ray will also be not merely diverted 
from its original course, but it will be dispersed or spread 
out like a fiu. 

6.) This stripe of light b not white, as was the case with 
the original ray, but coloured, and in fact the six prismatic 
■ colours arranged in the order given above, that is to say, the 
red is nearest the vertex of the prism, and the violet wiH be 
the farthest from it ; the former is therefore the least, and 
the latter the most refracted. 

e.) If the screen on which the spectrum is received be 
brought close to the prism, the space v r will be coloured 
only at its extremities v and r, the intervening space being 
white. As the screen is removed to a greater distance, the 
other colours make their appearance until the intermediate 
space becomes completely coloured. 

dL ) If an object be held in the different coloured rays of 
the spectrum, it will be evidently illuminated most strongly 
in the yellow light, and the intensity will diminish as it is 
moved towards the limits of the spectrum. Words written 
or printed will therefore be read distinctly in yellow light at 
a greater distance than when held in light of any other 
colour. 

Second Expt, Complementary Spectrum produced when 
any object is viewed through a prism, 

A radiant point seen through a prism is not merely de- 
flected from it^ position as we have shown (§ 305.), but it 
appears in the form of a straight line lying in the direction 
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of the plane of refraction ; this line is composed of the pris- 
matic colours continuously arranged, but in an invertied order 
to that which they assumed in the preceding experiment. 
The violet will now be nearest to the vertex or refracting 
angle of the prism, and the red will be the farthest from it. 
It will be seen from Jig. 68. that this arrangement of the 
colours must necessarily obtain. 

Now if a vhite screen about two inches in width be the 
object viewed through the prism, and supposing it to be 
brought close to the prism, then there will be a column of 
colour at top and bottom, but all its middle will continue to 
be white. Increasing the distance of the screen, the next 
portion to the violet will be changed to blue, and that next 
to the red will become orange. Removing it still farther 
from the prism, the coloured portions will increase in width, 
tile white will be completely coloured, and the screen will 
present a perfect spectrum. 

Sir Isaac Newton, who discovered the compound nature of 
light, by distinguishing the light and dark blue as blue and 
indigo respectively, made the spectrum to consist of seven 
colours. If we observe attentively we shall see that the re- 
spective colours are not strongly defined, but that th6 red, 
by almost imperceptible gradations, is changed into orange, 
this again, in like manner, is softened off into yellow, the 
yellow gradually becomes green, the green becomes blue, and 
this last colour increasing in depth, is at length changed into 
violet Hence it has been inferred that the differently 
coloured rays possess a different degree of refrangibility, 
increasing from the red to the maximum attained by violet. 
The coloured stripes in the spectrum are of unequal widths. 
According to Newton's investigations their respective widths 
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may be expressed by the following numbers, the spectrum 
itself being assumed as unity : 

Red .... 0*12 . Green .... 0-17 

Orange . . 0*07 Blue .... 0*28 

Yellow . . 0-13 Violet .... 0*23 

and if the entire length of the spectrum be divided into 360 
equal parts, then there will be of 

Red, Orange, Yellow, Green, Blue, Violet, 
45 27 40 60 108 89 

56 27 27 46 95 109 

such parts, the upper line expressing the relations according 
to Newton's, and the lower according to Fraunhofer's ex* 
periments. 

The later and more exact researches of Wollaston and 
Fraunhofer have shown, that in a perfect solar spectrum the 
coloured spaces are by no means continuous, but that there 
are certain interruptions to their continuity, marked by dark, 
lines parallel to the slant edge of the prism. These lines, 
which are called Fraunhofer*s, after their discoverer, are 
more than 500 in number ; they do not follow each other with 
any degree of regularity, but the same position is always 
retained in the same kind of light, quite independently of 
the material of which the prism may be made, or of the 
size of its refracting angle; in light obtained from different 
sources, as from the sun and from a lamp, they differ both 
in number, size, and arrangement ; whence it would appear 
as if every luminous body had a system of light peculiar to 
itsel£ These dark lines in the spectrum were used by 
Fraunhofer for accurately measunng the refraction, the 
breadths of the individual colours, and the intensity of the 
light of different luminous bodies. From another set of ex- 
periments it has been found, that the dispersive power of 
different transparent bodies varies, and accordingly, that 
^different kinds of glass produce different distributions of the 
prismatic colours, as far as regards their respective breadths 
in the spectrum. Thus, too, the dispersive power of com- 
mon glass is much increased by the addition of lead to its 
composition. 

In /iff, 69. is a representation of the solar spectrum, as ob- 
served by Fraunhofer with a flint-glass prism, omitting, how- 
ever, several hundreds of lines. The perpendicular lines in 
the upper figure from the base line a 6 to the curve aedef 
jghih, express, according to Fraunhofer's measurement, the 
relative intensities of the light of the different portions of 
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the spectrum immediately beneath. Expressed numeri- 
cally, the luminous intensity of the extreme red ray is 32, of 
the middle ray of that colour 94, of orange 640, between 
yellow and orange 1000, green 480, blue 170, dark blue 
(indigo) 31, violet from 5 to 6, and, accordingly, the curve 
representing the intensity of light has been constructed. ' 

The prismatic refraction of the sun-beams by brilliants 
and other polished gems, as also by the drops of dew and by 
the rainbow, are matters of common observation. This 
beautiful arch sometimes appears double, in which case the 
inner or primary bow exhibits the prismatic colours in such 
or^er that the violet is innermost and the red forms its outer 
boundary ; the secondary bow presents these colours both 
inverted and more feebly. The formation of the rainbow 
may be explained as follows : let D, fig 70., be a drop 
of rain, and a 6 a ray of light fisdling 
upon it, which at h becomes refracted 
as ( c ; at c it is reflected in the di- 
rection c d^ and at d, its point of emer- 
gence, it is refracted a second time, and 
suffers the prismatic dispersion, when 
the red ray, as being the least refran- 
gible, takes the lowest direction d r,and 
violet, having the greatest refrangibility, 
follows the up per path d ». In fig. 71., 
let D represent the same drop, and at a certain distance 
below it let JV represent another similar drop. The same 
refraction and production of the prismatic colours will happen 
in this second drop as in the former, and at some point o the 
red ray of the upper drop will intersect the violet ray of the 
lower. . Suppose a spectator to stand so that his eye shall be 
at 0, then from the upper drop he will see red light, from 
the lower one violet, and from the intervening drops between 
these two extremes he will receive the intermediate pris- 
matic colours, and consequently between d and d* he will 
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Fig, 72. 



see a perfect spectrum. Again, let «« be a line from the 
centre of the sun passing through the eye at o, and parallel 
to the incident beama(. Now imagine the angles dou 
and dofu turned about ok as an axis, then the drops D and 
D' will describe a circle, within which the prismatic colours 
will be arranged in the order named above ; the circle form- 
ing in fact the base of a cone whose vertex is at o. 

The secondary rainbow may be explained by supposing a 
double refraction and reflection of the sun*s beams. If, for 
instance, ^^. 72. D* represent a drop of rain, and a* 6* be an 
incident ray, then it receives its first refraction at 6*, its first 
reflection at g*, its second at /*, and 
lastly, its second refraction and in- 
verted prismatic ^dispersion at d*; 
VIZ., in this case tlm violet ray d^t^^ 
as being that portion of light which 
is most strongly refira^ed, takes the 
lowest path, and tl^^ red ray, «P r*, 
as being the least*" so, takes the 
highest ; this is clearly the inverse 
order to what obtained in Jig. 70. The same holds good 
with respect to the drops D* and J^,jig. 71. Let an eye be 
placed at o, so as to receive the rays d* v* and d" o* at their 
point of intersection, then in the drop D* it will see the 
violet ray, in D* the red, and in the intervening rays between 
D* and D* the other prismatic colours, so that between d* 
and d* there will be a complete spectrum, whose lower ex- 
tremity is red and the upper violet. From the remarks 
already made about the primary bow, it may be seen how 
the existence of the secondary arc may be accounted for. 
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Whether a rainbow shall be visible at all, and if so, what 
portion of its arch depends on the altitude of the sun above 
the horizon. From accurate observations it has been ascer- 
tained, that the angle doth Jig. 71. which the red rays in the 
primary bow make with the axis ow, or with the sun's rays 
parallel to it, is 42^, and the angle d'oih made by the violet 
rays with the' same, is 40}^ ; in the secondary bow, the angle 
€Pou of the red rays is 51^, and that of the violet d^ou is 
54^. If the sun be in the horizon, both the rainbows will 
be semicircles; if he be above the horizon, a portion less 
than a semicircle will be visible ; with an altitude of 42° 
above the horizon the primary bow vanishes, and at a height 
of 54° the secondary one also ceases to be visible. A por- 
lion greater than a semicircle can be seen only if the ob- 
server be so ntuated as to have the sun below him ; thus 
for instance, if he be on a high mountain, an arc becomes 
▼table proportioned to his elevation ; a complete circle of a 
rainbow may be seen in the spray of a waterfall if a spec- 
tator be sufficiently devated above the hprizon. From what 
has been advanced, it is obvious that each spectator observes 
bis own rainbow, t. e., the phenomenon is produced for each 
individual in different drops oi rain. 



§317. 

If the prismatic colours be made to pass through a second 
prism, they will be refracted again, and the intensity of each va^ 
riety of light will be changed, increasing from the red to the 
violet ; but no diversion will ensue, nor will the colours them- 
selves be altered. The like results will obtain if a- luminous 
point of any single colour be observed through a prism. 

Hence the following inferences have been drawn : 

1.) Every colour of the solar spectrum contains simple or 
homogeneous light, and that each colour has a distinct angle of 
refraction ; in other words, there is a difference in the refrangi- 
bility of the rays. 

2. ) That the light of the sun, and, indeed, that all white light, 
is not homogeneous, but is compounded of the different prismatic 
rays. 

First Expt. Through a small aperture in the ^reen on 
which the whole ^ectrum has been received, allow only a 
single coloured ray to pass, and let it &11 upon a prbm ; the 
ray will be bent agreeably to the laws oi refraction, but no 
dispersion of the light will take place, t. e., no oblong spec- 
trum will be produced, nor will the colour be altered. 
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Further, the red ray will be seen to have the least refran- 
gibility, the orange a greater refrangibility, and so on with ■ 
each of the other colours, until a maximum is arrived at in 
the violet. 

Sicond Expt, Admit the light of the sun through three 
little holes in a shutter placed pretty close to each other and 
in the same straight line. Before one aperture place a phial 
containing some pure red liquid ; before the second a blue 
liquid ; and look at these threie openings through the refract- 
ing angle of a prism held horizontally. — The hole through 
which the white light enters will resemble a line of the pris- 
matic spectrum. Near the red of this spectrum will -be seen 
the aperture by which the red light is admitted ; and near 
the blue of the spectrum will be the aperture of the blue 
ray : the shape of these openings will be unchanged, but 
their heights will vary, in consequence of refraction. 

Third Expt, Upon a white surface lay a small square of 
red and blue, R and B.fig, 7S. (the 
Fig, 73. colours should be as pure as possible) ; 

look at them through a prism held 
with its refracting angle downwards ; 
the two squares will no longer appear 
side by side, but the blue will 
to be below the red. 



V 



§ 318. 

If all the coloured rays obtained by the dispersion of a sun- 
beam be combined, white light is produced. — This may be veri- 
fied by means of the following experiments : — 

Firtt Expt Throw the prismatic spectrum on a convex 
lens. The rays rendered divergent by the prism, on passing 
through the lens, will all meet in a focus beyond the glass ; at 
this point they will intersect each other and again diverge. 
—-If the spectrum be received at this point on a white screen, 
there will be seen a white round image of the sun ; but if the 
screen be removed further from the lens, a spectrum will be 
obtained simDar to the former, but with the colours in in- 
verted order. 

Second Expt, Look at a spectrum formed by a prism 
through another prism similar to the first and parallel to it ; 
the coloured rays will be transmitted in an inverted order 
through this second prism. — These rays must, on their 
emergence from the second prism, again be parallel ; so there 
follows no dispersion and no prismatic colouring, but, instead 
of these, the eye perceives a white image of the sun. 
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Third Expt. llie production of white light from the prin- 
cipal prismatic colours may be thus proved subjectively : on 
a black screen lay two strips of white paper about two inches 
wide, so that their sides may be parallel to the refracting 
angle of a prism held horizontally, and at a distance of from 
1 to 1| inches from each other. The upper side of the paper 
next the prism will appear yellow, orange, and red ; the 
lower side of the strip, farther from the prism, will have a 
green, blue, and violet space. — Bring the strips nearer and 
nearer to a parallel position with each other, -and the halves 
of the spectrum will gradually cover each other ; the coloured 
spaces will exchange colours, which will become pale and 
less distinctly marked, till they altogether vanish, on the 
edges of the paper coming in contact. 

In like manner we may obtain white light, by combining only 
the three prismatic colours — red, yellow, and blue. If only two 
of these colours be combined^ the other three colours of the spec- 
trum will be produced. 

Fourth Expt. Receive a spectrum on a screen in which 
three holes have been made, so that a red, a yellow, and a 
blue ray are transmitted. — Let these three be received on a 
convex lens, and white light will be obtained at the focus on 
the other side of the gl&ss. 

Fifth Expt, Transmit a red and a yellow ray through the 
screen ; combine them by means of a jconvex lens, and you 
have orange light : with a yellow and blue, you get green, 
and with blue and red, violet 

Red, yellow, and blue have hence been termed the primary or 
fnndamental colours ; and the other three — orange, green, and 
violet — the secondary or compound colours. 

Brewster and several other philosophers are of opinion that 
white sun -light consists of only these three fundamental 
colours, and that the other three exist only in consequence 
of combinations of the former. Sir D. Brewster, in his 
treatise on Optics ( Cabinet Cychpadia, p. 73. ), says, " I 
conclude that the solar spectrum consists of three spec- 
tra of equal lengths, viz. a red spectrum, a yeUow spectrum, 
and a blue spectrum. The primary red spectrum has 
its maximum of intensity about the middle of the red 
space in the solar spectrum ; the primary yellow spectrum has 
its maximum in the middle of the yellow space ; and the 
primary blue spectrum has its maximum between the blue and 
the indigo space. The two minimum of each of the three 
primary spectra coincide at the two extremities of the solar 
spectrum. 
VOL. u. c 
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82 Brewster's spectrum — complemektart colours. 
Fig. 74. 




" From this view of the constitution of the solar spectnixn 
we may draw the following conclusions : — 

** 1.) Redj yeUow, and blue light exist at every point of the 
solar spectrum. 

** 2. ) As a certain portion of red, yellow, and Hue consti- 
tute white light, the colour of every point of the spectrum 
may be considered as consisting of the predominating colour 
at any point mixed with white light. In the red space there 
is more red than is necessary to make white light with the 
small portions of yellow and blue which exist there ; in the 
yellow space there is more yellow than is necessary to make 
white light with the red and blue ; and in the part of the 
blue space which appears violet there is more red than yel- 
low ; and hence the excess of red forms a violet with the 
blue. 

'* Now, if we suppose that three parts of yellow, 

two of red, and one of blue, make white, we shall have the 
colour at Y {Jig. 74.) equal to 3 + 2 + 1, equal to six parts of 
» white mixed with 7 parts of yellow ; that is, the compound 
tint at Y will be a bright geUow, without any trace of red or 
blue." — The quantity of red light existing in the orange 
may perhaps be equal to 4 parts with 5 parts of yellow, and 
1 of blue ; then, from the preceding explanation, it appears 
that there remain 2 parts of red and 2 of yellow light which 
combine to form orange. By similar combinations we may 
deduce the origin of the other compound colours in the 
spectrum. 
Each of the six prismatic colours has some other called its compfe. 
mentary colour, with which, if it be combined, we shall obtain 
white. The complementary colour to each of the three funda- 
mental colours is the compound colour obtained by mixing the 
other two fundamental ones; and for each of the compound 
colours, that primary one which does not enter into its compo- 
sition. 
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Fig. 75 will serve, in a simple manner, to illustrate these 
ol>servations. The three circles which intersect each other, 

so that the circumference 



Fig, 75. 



of each passes through the 
centres of the other two, 
contain the three primary 
colours — red, yeUow, and 
blue. Where two of these 
spaces come together, we 
have the secondary colours 
— orange, green, and violet. 
In the middle portion, 
where the three funda- 
mental colours are com- 
bined, we have white. The 
complementary colours are 
placed in the diagram op- 
posite to each other, sur- 

rounding the white light, to represent its reproduction by 

this combination of colours. 




§319. 

J£ the figure presented by a transverse section of a lens be 
attentively considered, it will be seen that the convex lens 
approximates pretty nearly to what would be formed by placing 
two prisms, with their bases, one on the other. Jig. 76. A ; and 
that of the concave lens to the figure made 
Fig. 76. by placing two prisms with their vertices 

▲ ^SB^F ^"<^h^g c^^ other. Jig. 76. B, but that 

^^ ^^BF in each the angle of refraction is greater 
^^m VV towards the edge of the lens. 

^^H ^B Rays which are transmitted through 

^^B ^1 these glasses must consequently undergo a 

V|V ^Hl prismatic dispersion in addition to their 

^^ ^^BL ordinary refraction, and this dispersion will 
▼ ^^^^^ be greater the nearer the rays are to the 

edge of the lens. One consequence is, that 
objects viewed through them, and images formed by them, are 
coloured at their edges, by which they lose in distinctness even 
more than by the spherical aberration of the rays of light. (§ 309.) 
— The indistinct appearance caused by this prismatic colouring 
is called the ckronuxtic aberration of lenses. It is especially detri- 
mental in the convex glasses (or object glasses) of telescopes, 
where they are employed for the formation of aerial images of the 
distant objects which are viewed through the instrument (vid. 
§355.). 

o 2 
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CHROMATIC ABERRATION OP LENSES. 

Fig, 77. 




To render this phenomenon, resulting from the course of 
the sun's rays, more intelligible, let R, fig. 77. represent any- 
luminous point ; every ray in the pencil A R B proceeding 
from it is not only refracted, but the pencil is dispersed into 
the prismatic colours. The most refrangible rays, the violet, 
meet nearer the glass, at », the red further off, at r. Between 
V and r, where the greatest number of rays meet, instead of a 
point, there will be a circle, having a diameter mn\ this 
circle is called the circle of aberration. 

First Expt, Referring, still to fig. 77. : intercept the rays 
which have passed through the convex lens before they arrive 
at their focus, by placing between the glass and its focus a 
screen S S of white paper, and on it you will see a circle, 
white in the middle, around which there will be a belt of 
yellow, fringed off towards the edge into red. — In this 
position of the paper, the red being outermost, bound the 
figure. 

Next, place the paper beyond the focus at S' S', and the 
outermost circle will be violet, shaded off into blue, with 
white in the middle. — In this case, as fig. 77. shows, the 
bounding zone consists of violet rays. 

Second Expt. To procure the coloured rings described in 
the preceding experiment perfectly distinct and free from 
the interior white space, cut a ring-shaped hole in a piece of 
'thin card-board or tin, as is shown in^^. 78. such that its 

diameter may be rather less than. that of 
Fig. 78. the lens's circle of aberration fnn^fig. 77. 

, Hold this screen at the focus, so that the 

1 circle of aberration may fall exactly on tfn? 
1 1 space within the ring ; this space will 

receive all the light, so that no rays will be 
i transmitted through the aperture. If the 

I J screen be moved in the direction of the axis 

L , \ of the lens, the red will first be distinctly 

perceived behind it ; next, a yellow ring ; 
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and, last of all, a white one, if a second sheet of paper be 
held beyond that in which the aperture is. In like manner, 
if the plane be removed beyond the focus, a violet ring will 
first be visible ; next, a blue ; and then a white one, as 
before. — The mode in which these rings 9x9 produced is 
clear from^. 77. 



§ 320. 

It was an object of considerable importance to discover some 
means by which this indistinctness of the images, owing to the 
the chromatic aberration of the lenses, might be counteracted. 
The problem to be solved was therefore, just this, to produce a 
refraction of the rays of light, which should be unaccompanied 
with prismatic dispersion. This desirable object was attained by 
using two substances, which, with nearly equal refractive powers, 
had very dissimilar dispersive powers. The substances employed 
were crown-gkus and flint-glass, A prism of the latter kind of 
glass possesses a much higher dispersive power than a similar 
prism of crown-glass, but the refraction of the rays is nearly the 
same in both. Hence it becomes practicable to construct achro- 
vuiHe or colourless prisms and lenses,, 

Crown-glass is made of flint and alkali only, oxide of lead 
enters into the composition of flint-glass. 

According to Dolland*s observations, the mean refractive 
power of flint-glass is to that of crown-glass as 158 : 153; 
according to Fraunhofer's, 164: 153 (vid. § 300.); the 
prismatic dispersion in English^ flint-glass is 1| times, but in 
Fraunhofer's it is twice as great as in crown-glass. 



§321. 

An achromatix: prism is one through which objects are viewed 
refracted indeed, so that they are not seen in their true position, 
but yet free from a prismatic fringe about their edges. 
They consist of two prisms fitted together,^ the one being of flint 
and the other of crown-glass. The vertical angle of the flint- 
glass prism must be less than that of the crown-glass, and their 
sizes must be inversely as their dispersive powers. 

In English flint-glass the vertical angle of the flint-glass 
prism must be § that of the crown-glass, but in Fraunhofer's 
it must be J the size. 

o 3 
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These prisms are to be so placed that their refracting; angles 
may be in contrary directions to each other : then, since these 
angles are not equflJ, these prisms form a solid, whose sides are 
not parallel ; this is evident from^. 
Fig, 79. 79., where ahe \s the crown-glass, 

and bed the flint glass, prism. Pro- 
duce the converging sides of the 
trapezoid abed, formed by these two 
prisms, and the prismatic form ahm 
is restored, its vertical angle m being 
equal to the difference of the vertical 
an^es of the two prisms composing 
it. In an instrument constructed in 
these exact proportions, the prismatic 
dispersion v r of the ray 8 o, produced 
by the crown-glass prism, is refracted 
back in the contrary direction vp, rp, 
and is thus counteracted, the rays on 
their emergence at p reuniting and 
continuing parallel to the refinetion 
^pressed by the angle amh. 

Strictly spefdiing, a perfectly achromatic prism has no 
existence, because the dispersive power of the transparent 
medium is not the same for all the coloured rays ; conse- 
quently, by means of two prisms, we can make a compound 
one achromatic only with respect to two colours, commonly 
the two extremes red and violet are sheeted. 



§322, 

Lenses are rendered achromatic on precisely the same prin- 
ciples as prisms ; they, too, are compounded of crown and flint- 
glass, and commonly a convex lens of the former is combined 
with a concave lens of the latter glass. Fig, 80. is a sectional 
F' 80 representation of such a lens ; the refract- 

'^' * ing angles x and y must be inversely as 

the dispersive powers of the respective 
glasses. Lenses of this kind act like con- 
vex lenses, but they are free from prismatic 
dispersion, whence the images they pro- 
duce are perfectly distinct, and free from colour about their e^es. 
Newton believed that it was an impossibility to obtain an 
achromatic glass ; Euler inferred from the construction of the 
eye that it might be made ; and Dollond, in 1757, was the 
first who actually succeeded in making prisnu and lenses 
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possessing this property. In later times Fraunhofer has 
attained a high degree of perfection in the construction of 
his glasses. 



§S2S. 

The colours in which non-luminous objects appear to us, 
called natural cohurs, are not any thing peculiar to the bodies 
themselves, but are produced merely by the white light which 
frlls upon them, or which is transmitted through them, being in 
part ab8(»bed and in part decomposed. 

In opaque bodies these colours result firom the reflection and 
change of the white light, which is incident on their surfaces. 
Such objects as throw back the white light unchanged, themselves 
appear white ; such as absorb almost all the light that falls upon 
them are Uack j such as reflect but a part of the white light from 
their sur&ce give rise to the many gradations of white and black, 
known as the various shades of grey. Those objects, on the con- 
trary, which decompose the white light they receive and absorb 
some portion of it, appear to us of that particular colour which 
is obtained by combining the coloured rays they reflect ; red 
bodies, therefore, reflect none but red rays, blue ones blue rays, 
and so on ; those substances which reflect more than one coloured 
kind of ray are of some one of the secondary colours ; lastly, as 
from many points of their siurface white light is reflected, whilst 
from others there is no reflection whatever, we may understand 
how the infinite shades of colour originate. 

That these natural colours are really the effect of white light, 
and that they are not innate properties peculiar to the bodies 
themselves, is clear from the fact, that when placed in simple 
homogeneous light, which admits of no decomposition, all bodies, 
whether white or coloured, appear of the same colour with the 
ray that falls upon them; indeed, they seem most strongly 
coloured when placed in light like that which they peculiarly 
reflect, hut all other colours are more or less absorbed by them, 
so the perfect blackness of Uack bodies becomes more or less 
dimmed by exposing them to the prismatic rays of the spectrum. 

Test the accuracy of the above remarks by holding arti- 
cles of different colours in the various lights of the solar 
spectrum. —-Yellow tinge observable in bodies illuminated 
by the homogeneous yellow light of a spirit lamp, produced 
by common salt. — Articles of furniture in a room coloured 
by making the day-light pass through stained glass or 
painted blinds. — The flames of our artificial sources of light 
shed a yellowish light, inclining sometimes even to orange, 
as may be very plainly seen by noticing them during the 
o 4 
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daytime. Hence it is that we find it difficult by any kind 

of artificial light to distinguish accurately the colours of 

bodies, and especially so if they be blue or green. 

Transparent bodies exhibit similar phenomena. They appear 

either colourless if they transmit white light unchanged, or else 

they seem coloured if they decompose it In the latter case they 

either reflect the same light as they transmit, or the transmitted 

light is of a different colour from the reflected. 

The different sorts of stained glass and many kinds of 
liquids may serve to show the truth of the preceding expla-' 
nation. — Thus a solution of lac reflects blue light and 
transmits red ; a solution of chromate of alum looks green 
in reflected light, but reddish purple in transmitted light. 
— The blue tint of the atmosphere in reflected light, and 
its red tinge in the morning and evening in consequence 
of the transmitted rays of the sun. — The sun when seen 
through a dense fog looks pale like 'the moon. — Smoke 
when illuminated by the sun's rays has a bluish tinge ; the 
sun if seen through smoke is reddish. 

§324. 

Dyes and Paints are substances which when applied to bodies 
80 change their surfaces that when seen in white light they reflect 
only the ])eculiar colour of the dye or paint. The fundamental 
colours from a mixture of which we obtain an endless variety of 
tints are — white, red, yellow, blue, and black. 

White light may be reproduced by a mixture of natural 
colours in the same manner as we have already shown it may be 
procured by a combination of the prismatic colours ; the only 
requisite is that they shall be moved so quickly that the eye 
receives the impression of all the colours simultaneously. 

First Expt, Procure a solid wheel to which by some 
mechanical appliance a rapid motion may be communicated, 
and cover it with pieces of paper or parchment painted 
with the prismatic colours as pure as possible : the paper 
should be cut in the shape of the sectors of a circle, and the 
arcs should be proportional to the lengths of the colours in 
the solar spectrum as given in § 316. — If the proportions 
of the colours be correctly observed, and if the colours 
themselves are pure, the rapid rotation will produce white, 
or at least a colour almost white. 

Second Expt. If the circle be divided into three sectors 
of 120^ each, and these be coloured with the fundamental 
colours, red, yellow, and blue, we shall in this case produce 
the impression of white light by turning the wheel rapidly 
as in the first experiment. 
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Third Expt. Cover two thirds of the circular plate with 
One of the secondary colours, orange, green, or violet, and the 
other third with its complementary colour blue, red, or 
yellow, and with the same proviso as in the other experiments 
as to the purity of the colours, a rapid rotation will give 
white, or a colour approaching very nearly to white. 

Fourth Expt. Cover one half of the plate with one of 
the primary colours and the other half with another such 
colour, on turning the plate quickly it will seem as if it had 
been covered all over with that compound colour which is 
produced by the mixture of the two particular primary 
colours you have employed : thus, ex. gr., if one half be red 
and one yellow, the whole will appear orange ; if half red and 
half blue, violet ; if half blue and half yellow, green. 

Fifth Expt. If the ^ndamental colours are not applied 
in their due proportions to form white light, then the plate 
on turning round will appear entirely of that colour which 
is in excess, or of the compound colour which is produced by 
any two of them which may be in excess. — Thus if one 
semicircle be red, and two quadrants blue and yellow 
respectively, then the whole seems of a bright red. In its 
rotation only so much of the red combines with the blue and 
yellow as suffices f«r the production of white, and the excess 
tinges the white thus generated of a red colour. — This 
experiment goes &r towards proving the accuracy of 
Brewster's hypothesis given in § 318. 

The preparation of these coloured plates is not so ex- 
tremely easy as might be supposed; besides the perfect 
purity of the colours employed, it is also necessary to ensure 
that they shall not be laid on too thickly or too dark, as the 
colours resulting from the rotation of the wheel will then be 
more or less indistinct. The effect is rendered more striking 
and complete by bounding the colours in the centre and at 
the periphery with a black band about ^ an inch in width. 



§ 325. 

The different chromatic phenomena which we have just de- 
scribed are accounted for in the following manner, according to 
the two principal theories which have obtained with regard to the 
nature of light 

The corpuscular theory assumes the existence of various kinds 
of luminous matter, each of which excites in our eyes the sensa- 
tion of some particular colour. By the combination of two or 
more of these, the sensation of a compound colour is excited, and 
when particles of all the different varieties come in contact with 
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our organs of Tision we see white. A white ray, according ta 
this hypothesis, would be one containing portions of all the 
species of light. 

The dispersion of light into the colours of the spectrum, 
consequent upon its refraction through a prism, is explained by 
supposing that transparent bodies attract the different sorts of 
light unequally ; their refraction is therefore unequal; and thus, on 
their emergence from the refracting medium, the rays become 
dispersed. 

In like manner the existence of natural colours is explained by 
saying that the coloured bodies absorb one or more of these 
yarieties of light and reflect the others. White bodies are 
supposed to throw back all the rays ; black, on the contrary, 
absorb all ; red reflect none but the red rays, and retain those of 
all the other colours, &c. 

According to the undulatory theory the production of coloured 
light is supposed to be owing to the diflerent velocities with 
which the particles of aether vibrate ; and thus a distinct sensation 
is excited in the eye analogous to that which is experienced by 
the ear from the diflerent velocities with which the undulations 
of the atmosphere are propagated. As high and low notes 
result from the different velocities of these aerial undulations, so 
the different colours owe their origin to the unequal velocities 
with which the aether vibrates. Thus red light is supposed to be 
caused by the aether performing about half as many vibrations as 
are requisite to form violet ; the waves of red light are therefore 
double the length of the violet waves, since they are all pro- 
pagated with equal velocities. 

From their observations on the interference and curvature 
of the waves of light, Fraunhofer, Herschel, and Fresnel 
have deduced the lengths of the waves of the prismatic 
colours to be as follows : 
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Note. ~ The above calculations have not been reduced to English mea- 
sures, the French decimal scale being so much more convenient for estimating 
minute quantities. — It may be added that 1 metre ss 39*371 English inches, 
consequently 1 millimetre = '039371 of an inch. 
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Hence it follows^ as we have remarkiB already, that the 
waves of red light are the longest, and those of violet light 
are the least; the former indeed (at least according to 
Fraunhofer*s estimate) are almost exactly twice the length 
of the latter ; red light will therefore perform only half as 
many vibrations in a given time as violet. 

Since according to Fraunhofer a wave of the extreme red 
light is 0*00074 of a millimetre long, and a wave of violet 
is 0-00039 of a millimetre, it is clear that 100,000 waves of 
the former occupy the space of 74"»", or that 1,351,351 go 
to a metre: of the latter light there will be 100,000 waves 
in 39°^, or 2,564,102 will go to a metre. As we know the 
number of miles light travels in one second (§ 286. ), it may 
be found that red light excites in that space of time ntorly 
421 billions of waves in the aether, and that in the same time 
violet lights excites about 799 billions of waves. 

If the number of vibrations made by coloured light be 
compared with those performed by sonorous bodies, it will 
be seen that whilst in the one case the lowest note makes 
16 entire vibrations or 32 excursions in a second (§ 238.), 
red light, which is the lowest note in the scale of colours, 
accomplishes about 29 billion times as many vibrations. 
Again, all the notes which are audible by our ears are com- 
prised within the range of 9 octaves, and all the colours 
appreciable by our organs of sight range nearly within a 
single octave. If our organs of vision were more exact, 
probably a greater variety of colours might be distinguished. 

If with Sir Isaac Newton we allow indigo a place in the 
spectrum as a distinct colour, we shall render the analogy 
between the prismatic colours and the notes in an octave 
(§ 238.) still more striking. To render the comparison 
more obvious, the prismatic colours are arranged immediately 
under the notes of the gamut : — 

1. 2. 3. 4. 5. 6. 7. 

c. d, e» f, g, a, b. 

Red, Orange, bellow, Green, Blue, Indigo, Violet. 

When several musical notes are sounded together they pro- 
duce either a chord or a discord, of which our ear is sensible ; 
so by the simultaneous action of two or more waves of light, 
propagated with different velocities, the sensation of a compound 
colour is produced ; and when the waves of all the simple colours 
act together, the sensation of white light is excited. 
^ The different refrangibility of light, and the prismatic disper- 
sion consequent upon it, admits of being easily explained ; for a 
wave that vibrates with a higher velocity than another will suffer 
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a different refraction from that suffered by the latter, if the two 
waves be transmitted through the same medium, as, ex. gr., 
through glass. (§ 301.) 

Lastly, as regards the colours generated by the reflecUon of 
light; it may be seen how it is possible that the velocity of the 
incident wave may sustain a different modification from different 
bodies, in consequence of which modification of velocity different 
substances will be of different colours. 



VIL INTERFERENCE OP LIGHT AND ITS EFFECTS. 
§ 326. 

By the interference of light is to be understood those effects 
which are produced by rays which proceed from the same source 
crossing one another at very acute angles after they have traversed 
either equal or unequal spaces. This interference of the rays 
has the remarkable effect of heightening the intensity of the light 
at many of the points of intersection, whilst at others it so lowers 
it that the light annihilates itself. 

These effects are observable both in refracted and reflected 
light. The light of the luminous object appears then to be 
divided by dark stripes or circles, or other curves : if the light be 
simple, we see only bright stripes in the colour, separated by dark 
spaces between ; but if it be either sun light, or any other white 
light, then the bright lines will be tinged with the prismatic 
colours. 

Fig. 81. 




pff 

The phenomena of interference may be displayed in 
refracted light by means of the following experiment of 
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FresneVs: — If from a luminous point p. Jig, 81., light be 
made to fall upon a prism m » c, having a very obtuse angle 
at c, and consequently very acute angles at m and n, then 
an eye at a would see the radiant point p double, viz. at 
p' and p", in consequence of the ordinary refraction ; but 
between these two images the spectator would observe a 
number of bright and dark lines perpendicular to a line 
joining the two images. If the source of light p be homo- 
geneous, these bright lines have but one colour ; but if it be ; 
white light that emanates from it, they will be tinged with sj 
the spectral hues. Cover half the prism with some opaque 
body, the intersection of the rays will cease, the lines will 
disappear, and only one image of the light will be visible. 

Young first (1800) explained this remarkable phenomenon, 
and^^deavoured by suitable experiments to establish his 
opinions on a scientific basis. The subject has since been 
prosecuted by Arago, Fresnel, Fraunhofer, and Herschel. 

The explanation afforded of these circumstances by the 
corpuscular theory b both difficult and unsatisfactory ; the 
other hypothesis, on the contrary, strongly recommends 
itself by the very lucid manner in which it enables us to 
account for the phenomena in question. The most essen- 
tial features of this explanation may be expressed in a few 
words. The assumption is this, that the dark and bright '^ 
lines of which we have been speaking are caused by two 
waves of aether or light crossing each other's path, when 
results follow corresponding exactly to what were produced 
by the interference of waves of fluids and sound. The two 
images/)' &ndp'\ Jig. 81., of the radiant point jp, observed 
through the interference-prism m C n, by an eye at a, are to 
be regarded as the centres of two similar systems of undula- 
tions, and the continuous arcs as bounding whole waves, 
whilst the dotted curves mark the half'Waves. Admitting 
this, it follows that those atoms of light are in similar states 
of undulation which are at the distance of a wave asunder 
(see § 277.) ; and consequently, where the arcs of the entire 
waves intersect, as also where the arcs of the half-waves in- 
tersect, the undulations of the two systems correspond. In 
this case they mutually heighten each other's effect, i.e. 
they increase the brightness. Again, whenever the curves 
passing through the whole waves of one system cut the 
curves passing through the hal£.waVes of the other system, 
the atoms of light meet with opposite velocity of vibration ; 
these points of intersection are marked in the Jig. by large 
dots. At each of these points, then, they counteract each 
other producing interference, which is made evident to us 
by the comparative obscurity of those parts. If the dis- 
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tances be closely observed of these bright and dark spots 
firom y and fl\ the centres of the respective systems, it will 
be seen that the first bright stripes 1 1 are at the distance of 
an entire wave from the line passing through the middle of 
the fig. I the next bright stripes 1 1 1 1 are at a wave's 
length from the former, or of two waves* lengths from the 
middle line ; and so on for all the successive bright stripes 
the distances will be 1, 2, 3, . . . . » waves* length. On the 
contrary, the lines of interference (marked by the large dots) 
will be at the distance of ^ a wave, 1^ wave, 2A etc waves; 
or, expressing it in general terms, those rays of light which 
produce interference, or dark stripes, are at the distance of 
\'^\\y^\'^*'n^p\ waves. Lastly, as the length of the 
undulations differs according to the colour of the light 
(§ 325.), it follows that the distances must also differ; in 
red light, the light and dark stripes will be almost as far 
again from each other as in violet light; in white light, 
then, alternations will closely succeed each other, and the 
stripes will consequently be of the prismatic colours. 



§327. 

The interference of the rays of light is the exciting cause of 
Newton*s coloured rings as they are sometimes called ; also of the 
prismatic colours observable in thin fish-scales, in spirit-of-wine 
if it be made to cover some dark surface in extremely thin films. 
These colours may also be seen in a drop of oil as it spreads over 
a surface of water, in pieces of crystal, especially in Iceland spar, 
rock-crystal, &c. ; they are visible too in soap-bubbles, in thin 
blown-glass, on the surface of mother-of-pearl, on the wings 
of many species of insects, &c. These prismatic colours were 
produced by reflection in the Iris button invented by Barton, the 
entire sui&ce of these buttons being divided into a vast number 
of fine grooves. 

FirtA Expt. To produce Newton's coloured rings, obtain 
a flattish convex lens (a watch-glass will do), and a piece of 
common window or plate glass. Press the two steadily 
together, and luminous rings will be seen about their point 
of contact, of the same colour with the incident rays, if the 
light be homogeneous. * These rings are separated fVom each 
other by dark bands, as the light diminishes from the middle 
of each of the rings. The smaller the waves of light, the less 
the rings they generate ; in violet light they are at a mini- 
mum, and in red at a maximum. In reflected light the 
point of contact is black ; in transmitted light it is bright ; 
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the rings which in reflected light appear luminous, are dark 
in transmitted, and vice vers4. If white light, or sun-light, 
be used in this experiment, there will be as many systems of 
rings as there are colours, in consequence of the unequal 
lengths of the undulations of the primary colours; these fall- 
ing partly over one another, produce the compound colours. 
On comparing the reflected with the transmitted colours, it 
will be found that the latter are invariably the comple- 
mentary colours to the former. 

Second Expt The spectrum that may be observed in 
splinters of glass or of crystal, or between the leaves of many 
crystalline bodies, as ex. gr, iis common in the gypsum of 
Montmartre, is strictly analogous to the coloured rings of 
Newton, only that in these instances the colours are not 
separated by circular dark spaces, but by very irregular dark 
lines. — Similar effects may be produced by breathing on 
two plates of glass, and then pressing them tightly together. 
These figures will vary considerably in form, and if white 
light be used in colour also, if on pressing the plates to- 
gether, one of them be moved along the surface of the other. 

Third Expt. The spectral colours of a thin film of soap- 
suds show best in vacuo. Dr. Bottger describes the follow, 
ing mode of performing the experiment : — Put into a com- 
mon pint bottle of white glass about ^ of a dram of soap, 
.scraped fine; on which pour about a couple of ounces of 
distQled water. Heat the bottle carefully, under a constant 
pressure, over a spirit lamp, till the soap is dissolved in the 
small quantity of liquid, and its temperature is raised nearly 
to the boiling point. Then skilfully close the bottle with a 
cork, which, on account of the rarity of the air within, had 
better be covered with a coat of sealing wax. Keep it in 
motion until the temperature sinks to 75° or 80° Fahr.,and 
a bladder of soap will be produced, completely filling the 
interior of the bottle. The upper segments of the bubble 
display the most splendid coloured rings, which are produced 
by the infinitely minute particles of soap extending them- 
selves in thin layers. The bubble may be kept sometimes 
for several days in the vial, without bursting. Observe that 
the bottle should not be held quite horizontally, and that the 
film of soap has not spread itself in a slanting direction, but 
lengthwise, to obtain the result in perfection. It is but 
right to add, that a first attempt may not prove successful ; 
but expertness in making the bubble will be acquired with a 
little practice. 
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VIII. PUXNOMEVA OBPENDING ON THE DirFKACTION OF LIGHT. 

§ 328. 

The deviation of the rays of light from their rectilinear course, 
in passing the boundaries of opaque bodies, so as to cast some 
portion of light on the shadows of objects, is termed the injkxion 
or diffraction of light. If the light be homogeneous, then dark 
stripes will be observable among the diffracted homogeneous rays, 
such stripes being parallel to the sides of the body which casts the 
shadow. If the light be white, the Unes will be tinged with the 
prismatic colours. 

Grimaldi, of Bologna (1660), was the first who noticed 
the diffraction of light. In modern times, the subject has 
been investigated, and explained by Fresnel, Fraunhofer, 
Herschel, and Schwerd. 

Some of the simple phenomena, which are owing to the 
diffiraction of light, may be verified by the following 
experiments: — 

First Expt. Suspend an opaque black ball in the sun's 
rays, and the presence of light in the shadow which it casts 
will be very perceptible. 

Second Expt. Hold a bit of fine wire, or a needle, or any 
similar object, close to one eye, the other being closed ; and 
look steadily at it against any light back-ground, as a win- 
dow, or a candle, and you will see several needles. 

Third Expt, If sun-light be admitted through a very 
narrow crack into an otherwise dark room, several cracks 
will be visible at some distance from the real one, separated 
by dark bands from each other. 

« Fourth Expt. Make a rectilinear incision, with a sharp 
penknife, in a piece of cardboard. l.ook through the slit at 
the flame of a candle, and on 4&ck side* of the real light 
others will be seen parallel to it, and marked with the spec- 
tral colours. This experiment may be rendered still more 
striking, by looking through the slit in the cardboard, directly, 
at a narrow cleft in the shutter by which the sim's rays are 
admitted into a dark room. 

Results similar as to colouring and extent, but of greater 
beauty, are obtained by making the light to pass through 
several apertures, ranged close to one another. 

Fifth Expt. Look at the flame of a candle through the 
thinnest part of a feather, and you will see several flames in 



'. Digitized by Google 



TbLARIZATIOK. 97 

a row : the brightness of their colouring will depend on the 
intensity of the light. 

Sixth Expt Look at any luminous point through a piece 
of fine doth, and the light will be obviously inflected in a 
direction parallel to the- texture of the material. 

These phenomena can be explained, according to the cor- 
puscular theory, only by calling in the aid of other auxiliary 
hypotheses with regard to the nature of light ; since it is 
assumed that this diffraction is owing partly to an attraction 
and partly to a repulsion exerted by bodies on light in its 
passage past them. This explanation is unsatisfactory, as 
it £iils to account for the origin of the dark intervening 
spaces. 

The undulatory theory, on the other hand, regards all 
these phenomena as consequent upon the interference of 
light ; and that when the waves of light impinge on solid 
bodies, they are disposed to propagate new undulations, 
which start from these points of incidence, and by crossing each 
other's paths, produce interference. Compare with this §§ 
220. 222. 227., and especially what has already been advanced 
in reference to this subject in § 226. 



IX. rOI.A£IZATION OP LIGHT. 

§329. 

Light thrown back from reflecting plane surface^ as well as 
that which, in its transmission through transparent substances, 
has undergone either ordinary or double refraction, possesses the 
following remarkable properties : — 

1.) It is not perfectly reflected from a second reflecting plane, 
in every position in which such plane may be placed. 

2.) It is not perfectly transmitted through a second transparent 
body, whatever the position of this second body i and lastly 

3.) It is not doubly refracted by a body possessing this pecu- 
liarity (§ 313.), in every position that such body may occupy. 

Light thus peculiarly reflected, or refracted, is said to be 
poktrizecL 

This eflect is produced in its highest degree, that is, light is 
P^tetbf polarized only when it falls on the reflecting or refracting 
plane, at some particular angle ; which is called the angle of com' 
fkU or perfect polarization. It diflPers, however, according to the 
nature of the body which causes the reflection, or refraction. 
According to Brewster, complete polarization obtains only whtn 
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the refracted ray, he^Ji^, 82.> 
Fig. 82. makes, with the reflected ray 

hcy K right angle; so that 
angle c 5 e a 90^, and angles 

Accordii^ to Brews- 
ter's law j«st referred 
to, it follows that if Xy 
Jig, 82., be the angle of 
complete polarization, 
yssQO— a;, and conse- 
quently rin, y 83 COT. X. 
„ „ nn. X 

But from (§ 308.) j^ 

expresses the index of refraction ; substitute cos. x for tin, y, 

and we have — ^ — =s tan, x ; whence the law expressed ver- 
eos, X ^ . 

bally is, the tangent of the angle of complete polarization i* 
invariablg equal to the index of refraction. 

From these data we can readily determine the angle of 
complete polarization for any substance, if we only know its 
index of refraction. Thus, ex. gr,, according to the table of 
indices in § 300., the index for atmospheric air is 100,028; 
that for glass, 153,200; and for water, 136,600: con- 
sequently, the angle of complete polarization for air and 

153200 
glass is tan. x = iqqqoq === 56° 51' ; and for air and water, 

136600 « . ' 

'-'^^^Tooois^^®^^^'- 



§330. 

That plane in which a polarized ray is capable of being com- 
pletely reflected, or transmitted, at its proper angle of poIari:Qation, 
from a second plane which intercepts the ray, is termed its plane 
ofjiolarization. 

Every ray of polarized lijght has one plane of polarization for its 
reflection, and another for its refraction ; and these two planes are 
at right angles to each other : a reflected and a refracted ray are 
therefore polarized at right angles to each other. If the planes of 
reflection and refraction are perpendicular to the plane of polari- 
zation of the incident ray, in that case the polarized ray will be 
neither reflected from the transparent body, nor transmitted 
through it : the rag is then said to be polarized in a plane perpen- 
idieular to the planes of reflection and refraction. 
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, The two rays of a ray dnrided by double refraction are, botk 
pplari2ed ; but at right angles to each other. The ray of ordinary 
refraction lies in the plane of the principal section, whilst the ray 
of extraordinary refraction is polarized in a plane Tertical to the 
former. (§ 314.). 

To explain the causes «f the polarization of li^t is among 
the greatest difficulties in the whole science of optics. The 
most simple and satisfactory explanation is that afforded by 
the undiUatory hypothesis, llie principal phenomena will 
be accounted for as we come to them, in accordance with 
this theory. We may at once explain how the aether is 
supposed to yibrate in polarized light. 

It is assumed, that in non-polarized or common light the 
particles of sether vibrate every way in the direction in 
which the waves are propagated (§ 277.), but that in pola- 
rized light the motions take place only in two opposite di- 
rections. The plane in which these excursions take place is 
called the plane of vibration ; if a plane be conceived to be 
situated at right angles to the plane of vibration, and in the 
direction of the ray, this will be its plane of polarization. 
Hence ilf follows that the vibrations of the particles of pola- 
rized light take place perpendicularly to the plane of pola- 
rization. Let A B, Jiff, 83., be a ray of polarized light, and 




the surface of the paper its plane of vibration, then thecurve 
a'f'Vg'e'h'wiW represent the atoms of«ther vibrating in 
this plane at some particular moment, and a plane placed at 
right angles to the paper in the line A B would be the plane 
of polarization for that particular ray. 

Instruments contrived for the exact and convenient ob- 
servation of these phenomena and others shortly to be 
detailed, as also for the measurement of the angle of polari- 
zation, are called polarisoopes. They are variously con- 
structed, but Baumgartner's is, perhaps, among the best 
for its simplicity, as well as for its convenience and accuracy 
io the management of observations. 

Its construction in the main is, first, a plaffie mirror ' a, ^^. 
84., of glass, blackened on the back and varnished, which it 
inclined at an angle of 57^ to the horizon ; this mirror r£- 
H 2 
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ceives the light reflected on it by a common looking-glaas &, 
at an angle of SS^ ; these rays it polarizes and projects verw 

Fig. 84. 




tically upwards. The polarized ray passes through the 
circular aperture d up the tube e, which is blackened in- 
side, and which may be raised or lowered at pleasure up and 
down the pillar/. Over the upper end a ring h passes, 
which is moveable about an axis, and carries a frame g, con- 
taining either a blackened glass mirror like th^ former, 
or else some 10 or 12 glass plates, laid smoothly on^ 
upon the other. This frame may be placed at different 
angles with the axis of the tube. This part of the apparatus 
must be so contrived, that for it we may be able to substitute 
a crystal of double refraction (an achromatic prism of Iceland . 
spar is the best), which is set in a ring, and may be turned 
about in the upper opening of the tube. Substances through 
which we wish to conduct the polarized ray are laid on a 
glass set in a ring at tl, so that they can be turned about the 
axis of the polarized ray. An account of Biot*s apparatus 
will be found in his Trcate ink Physique. 
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A. JteflecHoH and Refraction of Polarized Lights 

§ 33U 

' If polarized light be reflected, we shall find 

1.) That a ray of light falling under the angle of complete 
polari^tion on the first polarizing mirror, and being reflected 
thence, will be completely reflected also from the second mirror, 
if the plane of its incidence against the first mirror coincide with 
^ plane of its reflection from the second. 

2.) The second mirror does not reflect the light polarized by 
ihe first, when the planes of incidence and reflection are per- 
pendicular to each other, 

Fiff. 85. 




H 3 
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Let AB, fig, 85„ be the mirror ■ of polarization, aft an 
ordinary ray incident upon it, and be the polarized ray 
reflected from it. This ray will be reflected from the second 
or reflected mirror C D^ in the direction cii, if C D be pa- 
vallel to A B as I'*, and again when it has been turned 180^, 
or a half eincle from that position as II*. In both cases, 
according to 1.), the incident, the polarized and reflected 
rays a 6, 6 c, and c d are in one and the same plane ; in fact, 
according to the diagram in the plane of the paper's super- 
ficies. 

But if by 2. ) the reflecting miiror male an angle of 90^ 
with the mirror of polarization, or if these two cross each 
other as C D, III* represents, then C D will not throw 
back the polarized ray c dy which falls upon it at c, because 
its plane of reflection, as the drawing shows,^ stands perpen- 
dicular to the sur&ce of the paper. The like result follows 
from similar causes, if the mirror be turned round 270^. 

Hence it follows, that during one entire revolution of the 
second or reflecting mirror about the polarized ray which 
fyis upon it, it comes into two positions, such that the 
light thrown on it from the first mirror will be completely 
leflected, and in two other positicms in which the incident 
ray will be absorbed. If we mark the first position, in which 
the mirrors are parallel to each other, and in which complete 
reflection obtains, with zero, then at 90^ from that point the 
reflection will be m^ at 180° it will again be complete, and 
at 270^ again niL In any intermediate position the reflec- 
tion will be partial, and the nearer the ray to the angle of 
refraction 90*^ or 270°, the more feebly is it reflected.. Ac- 
cording to Malusy the intensity of the reflected light is in- 
variably proportional to the cosine ' of the angle formed by 
the inclination of the first plane of incidence with the 
second. 

If several plates of white glass, laid one on the other, be sub- 
stituted for the reflecting mirror, the light p<4arized by reflection 
will present the following appearances v — 

1.)' The light reflected from the first mirror is not transmitted 
through the glass plates if its plane of refraction •incides with, or 
is parallel to the plane of reflection of the first or polarizing 
^ mirror, as C D mfigi, I* and II*, 

2. ) The maximum of the light polarized by the first mirror is 
transmitted through the plates of glass, when the plane of its re- 
fraction is perpendicular to the plane of reflection ot the first 
mirror, t. e. when the ela3s plates, have the posLtion C D in I V* 

and Y*» 
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ilence it appears, that a ray polarized by Reflection is 
transmitted through glass when its position is such that it 
cannot reflect the light ;. and, conversely, that it is not trans- 
mitted through the glass plates if it can be reflected from 
their sur&ce. 



§ 332. 

The following are the phenomena to be observed with regard 
to rays of light polarize^ by refraction : 

1.) Light which has become polarized by passing at the proper 
angle through several plates of white glass, ranged one upon the 
other, will be transmitted through a similar system of plates, if 
the plane of refraction of the first system coincides with that of 
the second. 

2.) Light polarized by the first system does not pass through 
the second, if the planes of refraction of the two systems of plates 
stmd at right angles to Bach other. 

Let A B, Jig, 86., be the first system of glass plates, on 



Fig, 86. 



f-4-4-H — / 




which an ordinary ray ab falls at the angle of complete po- 
Unzation, bed will t^ the ray polarized by refraction. . 
H 4 
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In the first case the raj passes through a second systein 
of glass plates C D, if it be parallel, as I*, to A B^ of i^ as 
II*, it be turned round 180°, or half a circle. labolli 
cases the planes of refraction of A B and C D coincide^ t, e, 
b c and de, with the polarized ray c ii, lie in the same plane, 
and in the diagram in the plane of the paper. 

But if the second system of glass plates CD be at an 
angle of 90° to the former, as in III*, then the ray inci- 
dent at d is not transmitted, for its plane of refraction as the 
figure shows, is perpendicular to the plane of the paper. . 

Hence we infer, that light polarized by refraction obeys 
the same laws with regard to a second refraction, as light 
polarized by reflection did with respect to a second reflection. 

In the place of the second system of glass plates put a reflecting 
mirror : or, if you please, observe the ray reflected from the first 
glass plate, and you will find that : 

1.) The light transmitted through the ferst system will not be 
reflected by the second, if the plane of reflection coincide with 
the plane of refraction, as in positions I* and II*, where the 
plane of refraction of A B, and that of reflection of C D, are 
supposed to He in the surface of the paper, and 

2.) That, on the contrary, the mirror, or the outermost plate 
of the second sy^em, reflects the ray polarized by the first, if the 
plane of reflection be at right angles to that of refraction, as C D 
in III*, the plane of reflection in this case being vertical to the 
paper. 

A similar relation appears to obtain with regard to light 
polarized by refraction, as we found to exist in that polarized 
by reflection ; since the ray which the fhrst system of plates 
had polarized will not be reflected from the second, if its 
position be .such as to admit of the transmission of the light ; 
and conversely, that when transmission is impracticable, the 
ray is reflected ; and lastly, that this reflection occurs just at 
that point in the system of plates at which light, polarized by 
reflection, would have been transmitted. 

From the phenomena respecting the polarization of li^t 
by reflection and by refraction, explained in the preceding 
sections, it is clear tha,t this condition may be induced by twp 
distinct modes ; and further, as has been already remarked 
in § 330., the plane of polarization, and the planes in which 
the reflected and refracted rays vibrate, are invariably at 
right angles to each other. Thus, the particles of sether in 
a ray polarized by reflection vibrate in a plane which stands 
perpendicularly to the plane of reflection of the fi^t or pola- 
rizing mirror ; whence the plane of such a ray'ii polarization 
and its plane of reflection coincide. The particles of a ray 
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polarized by refraction iribrate in the plane of refraction ; 
and their plane of polarization is vertical to it. 

Let R Y,Jig. 87, I*, be a ray : it will be polarized in the 
two planes aahh and ccddt which cut each other vertically. 
Suppose a a & & to be the plane of vibration for the ray pola- 
rized by reflection ; then the serpentine line drawn upon it 
will be the curve of vibration and intensity of the polarized 
particles, ccdd being their plane of polarization. In like 
manner, c e ddvnJl be the plane of vibration, and a abb that 

Fig, 87. 




of polarization, for the ray polarized by refraction. If A B, 
Jig, 87. IP, be a perspective representation ot a polarizing 
mirror, on which a ray, a 6, falls at the proper angle ; b e 
would be the reflected polarized ray, and C D would be its 
plane of vibration ; the curve which is drawn on it express- 
ing the vibrations of the polarized particles of aether. Fig, 
87. Ill* is a similar representation of a refracted polarized 
ray : A B is the system of glass plates ; a b the ray incident 
thereon at the angle of complete polarization ; which, being 
refracted in the direction b e, is propagated towards c (2, as a 
ray polarized by refracrion. The plane C D, at right angles 
to the glass plates, will be its plane of vibration ; and the 
curved line depicted on it will be the curve in which the 
polari^d particles move. 

Now, as a ray which falls on several plates of glass is 
-}»artly reflected and partly refracted, it is clear that it must 
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Undergo a double polarizaUon. Pig, 82, will render this 
more evident ; if we suppose A B to be the system of plates 
viewed transversely, and that the system itself stands verti- 
cally to the surface of the paper ; which would, in this case, 
represent the plane of reflection and refraction. A ray,<i(, 
falling on these glass plates at the proper angle, will be pola- 
rized in a plane perpendicular to the paper, and reflected in, 
the direction 6 c ; it will also be refracted towards 5 e <2, being 
polarized in the plane of the paper. We must also conceive 
the plane of vibration of the reflected ray 5 c to be perpen- 
dicular to the surface of the paper ; the points marked on 
the line indicating the directions in which the particles of 
tether make their excursions. The plane of vibration of the 
refracted ray hedwilX be the paper itself; and the cross 
lines on (ed show the deviations of the vibrating particles of 
aether. 

When polarized light impinges on a second reflecting sur- 
face, or on a system of glass plates, it will not be reflected 
or refracted, as the case may be, unless it can propagate its 
undulations in a similarly situated plane of vibration. If 
this plane be at right angles to the former, the light becomes 
absorbed ; but this depends on the angle that the ray, already 
polarized, makes with the plane on Which it fiills, and on the 
completeness of the second polarization. Such a ray will 
therefore be entirely unreflected by the second plane, or 
untransmitted through it only at the angle of complete 
polarization. 

The phenomena described in §§ 331 and 332. will now 
have been rendered altogether intelligible ; and if the signi- 
fication be borne in mind, of the dotted and crossed rays, 
given above, fig», 85 and 86. will l)ecome more easy of 
comprehension. 



§333. 

If polarized light be admitted through a small aperture, on a 
rhomboedron of calcareous spar, or, better still, on an achromatic 
prism ; an eye behind the prism or crystal will, in two positions 
that it may be made to assume, see but one image of the aperture ; 
in all other positions two images will be visible. In the position 
in which only one image of the aperture is seen, but one of the 
rays produced by the double refraction (§ 314.) is transmitted; 
the other ray not passing through the crystal. 

If the principal section of the crystal lie in the plai^ of reflec- 
tion of the polarized light, but one image of the aperture will be 
visible, viz. that which is produced by the ordinary refraction ; 
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m other words, in this position the ordinary ray alone is trans- 
mitted. Turn the crystal round, and you will see two images of 
unequal brightness. If the principal section of the crystal make, 
with the plane of reflection, an angle of 45^, both the openings 
win «be equally bright. On turning it further, the ordinary ray 
becomes more faint, and when the crystal has revolved 90^ from 
its. original position, so that its principal section is at right angles 
Co the plane of reflection, the ray of ordinary refraction vanishes ; 
one aperture only is visible, because, when placed thus, it is only 
the extraordinary ray that is transmitted. With every quarter 
turn one image disappears, and the other attains its maximum 
intensity. If light, polarized by refraction, pass through a crystal 
of this kind, the same phenomena present themselves ; with only 
this difference, that the ray of extraordinary refraction is trans- 
mitted in that position of the crystal in which the ray of ordinary 
refraction was transmitted when the light was reflected ; and vice 
versa. 

Double refraction^ therefore, polarizes both the rays, into^ 
which a ray of natural light is divided, in planes vertical to each 
other ; in the case of reflected light causing the ordinary ray to 
be propagated in the direction of the principal section, and the 
extraordinary ray in a plane perpendicular to the former. 

In^. 66, (by § 314.) m/ is the ray of ordinary, and mf 
that of extraordinary redaction. The points and cross lines 
marked on these rays, according to the explanation in the prece- 
ding section, represent the vibrations of the polarized particles 
of aether ; and if we conceive of the spar being substituted 
for the second or reflecting mirror of the apparatus, we shall 
at once see how the phenomena described in that section 
originated. 

There are other bodies resembling the Iceland spar, which 
possess the property of double refraction ; the most important 
of them is tourmaline. This substance crystallises in long 
prisms, the axis of whose figure is also the axis of refraction. 
For this purpose the crystal is split into thin plates parallel 
to the axis. Every polarized ray falling vertically on such a 
plane is transmitted with undiminished intensity* if its plane 
of polarization be perpendicular to the axis of the tourmaline ; 
but, if this plane be*parallel to the axis of the crystal, the ray 
ceases to be visible. In all intermediate positions, its inten- 
sity is increased or diminished, as the angle made by the 
plane of polarization is greater or less. A leaf, such as we 
have described, will be found a very convenient piece of 
apparatus for testing the double refracting power of other 
crystals which may be divided into thin plates. 
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B. Chromatic Phenomena attendant on the Ptilarization of LigkL 

§ 334. 

If polarized light be transmitted through very thin plates of 
perfectly crystallized bodies, which have been split or cut in the 
direction of their primary axis of crystallization, as ex, gr,, through 
leaves of gypsum, or mica ; this light, on being polarized a second 
time, displays new properties ; for, on turning round the crystal, 
or the second mirror of polarization, or the system of glass plates, 
as the case may be, there will arise an alternation, not merely in 
the intensity and dimness of the light, but also in its colours. 

In all those positions in which the primary section of the crys- 
tal forms an angle of 0°, 90°, 180<^, and 270°, with the plane of 
reflection of the first mirror, i, e, when the plate of crystal either 
coincides with the plane of reflection, or is vertical to it, the image 
or ray appears bright in the second mirror, if it ba so situated 
that its plane of reflectbn coincides with that of the flrsfc^sairror. 
If, on the contrary, the mirrors be so situated that their planes of 
reflection stand at right angles to each other, then it appears dark 
in the second mirror, in the same position of its principal sectioiu 
These phenomena will be reversed, if the light which passes 
through the plate of crystal fall upon a system of glass plates at 
the proper angle of polarization ; that is to say, it will be dark 
through the glass plates, if they be placed in such a manner as 
rendered the second mirror bright ; and if they be in that position 
in which the second mirror was dark, they betsome bright. 

Turn the plate of crystal in its own plane, right or left, around 
the polarized beam, so that it may occupy a position distinct from 
those already mentioned, and the most beautiful simple colours 
will be seen, those of the reflected ray being invariably comple- 
mentary (§ 318.) to those of the simultaneously transmitted ray. 
The colours attain their maximum intensity at every half-quarter 
turn, i, e. when the principal section of the crystal deviates 45^ 
from the positions named in the preceding paragraph. If the 
second polarizing mirror, or system of glass plates, be turned one 
quadrant from that position in which it showed the colours most 
brightly, the colours of the reflected and transmitted rays will lie 
exchanged. 

From what has been said, it is evident that in one entire revo- 
lution of the plate in its plane, and also in one entire revolution 
of the second mirror, or system of glass plates, the light undergoes 
eight changes, being most intensely coloured at the octants, but 
at the quadrants appearing colourless or dim. 

Substitute an achromatic prism of Iceland spar for the second 
mirror, and you will see two images of the plate. If the sec- 
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tions of the plate of crystal and of the Iceland spar lie in the 
same plane one above the other, or if they intersect at right 
angles, one image is bright and the other dim. If either the 
thin plate or the spar be made to revolve about the polarized 
tay, the two images are tinged of the complementary colours ; at 
every quarter turn under 45^ the colours acquire their greatest 
d^ree of brightness, and when they partially lie over each other 
they are white. 

These phenomena, as well as others to be mentioned in the 
following sections, may be most conveniently observed if the 
fine plate of gypsum, mica, or other transparent crystal be 
placed on the glass which covers the aperture d of the 
polarization instrument, described in § 330., and turned 
round with it. 

The kind of colour shown by these bodies depends on the 
thickness of their leaves ; at a certain thickness, Biot says 
about jjth of an inch, they are colourless, the vivacity of the 
colours increases as the density diminishes, until they are 
rendered too thin, when the colours again vanish. T^ey 
appear of a single colour only when the thickness is uniform ; 
if this be unequal the colours also vary. This peculiarity is 
most evidently displayed in a wedge-shaped polished piece 
of g3rpsum, one end of which should be so thick as not to 
produce any colour, whilst the other end, for an opposite 
reason, is also destitute, of colour; all the colours answering 
to the different thicknesses of the crystal will be seen in a 
regular succession of bright and dark stripes, the intensity of 
the colours increasing in proportion to their nearness to the 
thin end of the plate. 

These phenomena of colours, and especially the last 
noticed, as also those which will come under our con- 
sideration in the succeeding sections, possess a striking ana- 
logy with the prismatic rings of Sir I. Newton, described in 
§ 327. The undulatory theory attributes these appearances 
to the interference of the waves of polarized light, wbi^«Xd 
retarded in their passage through the fine plate oj^i^stfl^. ^ 

Spectra more beautiful than those we have yet de$ctlb«d»^ 
characterized too by their possessing definite figures, may bo 
obtained by transmitting the polarized light through a slice^.i^ 
the crystal cut at right angles to its axis, the light being made to 
pass in the direction of the axis. On the second polarization of 
the light transmitted through these plates they will exhibit 
s^eral concentric rings of varied colours, closely resembling 
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l^ewton's prismatic rings, and intercepted in the middle by a 
rectangular cross. This cross is either white or black, and the 
xings are always composed of the complementary colours. The 
cross seen in the second mirror, or through the system of glass 
plates, will be white, if the mirror or plates be so placed as to 
reflect or transmit the ray polarized by the first mirror ; it will 
be black if the light be absorbed or unable to continue its course. 
Both the images will be seen simultaneously through an achro- 
matic prism of Iceland spar, which will best display the comple- 
mentary colours of the rings. 

Coloured rings are formed about both the axes of such 
crystals as have two axes, their centres being intersected 
sometimes by but one straight or curved line, instead of by 
two in the form of a cross. — I* and 11*,^^, 88., represent 
the arrangement of the rings in crystals having but a single 
axis; III* that which obtains in crystals having two fixes. 




§ 336. 

If a polarized beam be transmitted through a transparent un- 
crystallized body, as ex. gr, through glass, no such change as we 
have just described occurs in the light. From this fact, as well 
as from the explanations given in the previous sections, it seems 
that these phenomena are intimately connected with the internal 
crystalline structure of the transparent medium. If a modifi- 
cation be induced in the internal arrangement of these sub- 
stances, by the application of heat or pressure, or otherwise, they 
exhibit chromatic phenomena closely resembling those of crystal- 
line bodies. Professor Seebeck, who discovered this property, 
has given to the figures thus formed the name of entoptic cdoured 
figuret. 
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This peculiarity may be rendered permanent in glass by 
heating it until it becomes soft, and then cooling it quickly 
in the air. 

I* and II*, in^. 89., represent the figures obtained by 
rapidly cooling a square piece of glass. I*, fig, 89., further 
represents the image depicted on the second mirror of 
polarization when in the position shown in fig. 85. I * and 
II *, 9&fig. 89. II * does that represented in the position III '* 
of the same fig, 85. Thus it is easy to determine what 
figures belong to light transmitted through the system of 
glass plates when placed in any of these principal positions. 

Fig, 89. 





The discovery of the phenomena attendant on the polar- 
ization of light as produced by its reflection from glass is 
due to Malus, 1810; Arago, in 1811, first noticed the pecu- 
liarities in the colours of polarized light, since which time 
these remarkable properties have be^i investigated by 
Brewster, Biot, Fresnel, Herschel, Seebeck, and others. 
The limits within which it is proper that this volume should 
be kept are too narrow to allow of our enteting more fully 
into the details of these extraordinary phenomena, which 
have contributed in so high a degiee to establish on a firm 
basis the credibility of the undulatory theory as to the nature 
of light ; we must, therefore, pass over elliptical and circular 
polarization, referring the reader for further information on 
these subjects to the works of Biot, FouiUet, Brewster, 
Herschel, and others. 



X. OF THE STRUCTURE AND FUNCTIONS OF THE HUMAN EYE. 

§ 337. 

By the sense of sight, t.e. through the medium of nerves 
formed for that purpose, we are rendered sensible of the presence 
of external objects, and also of their form, cohur, movement, size, 
jdiUance, and position. 
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The organ by which all this information U conveyed to us b 
the eye, which is a beautiful piece of natural dioptric mechanism ; 
in other words, its efficiency depends on its capal)ility for refract- 
ing light. From a knowledge of its construction we learn how 
it acts as an optical instrument, and hence also we explain in 
some degree the theory of vision. 

The eye'haU is nearly spherical in figure, and consists of several 
coats or membranes ; but a small part of the outer portion of this 
coat is transparent so as to admit the light into the interior of the 
eye. This space is filled up with two colourless fluids or 
humours, separated from each other by an intervening mem- 
brane. In the middle of this partition is a small circular aper- 
ture, behind which is a transparent substance having the shape of 
a double convex lens. Opposite to this lens and the pupil, or 
hole for the admission of light, is the optic nerve, which enters 
through the back part of the outer coat, and extends itself over 
the inner surface of the eye. The eye lies in a cavity surrounded 
by solid bones, and is set in motion by several muscles; the 
nerves of both eyes unite in a common cord. 

Fig. 90. I ♦ is a sectional and II * a front view of the 

eye. The same letters are used in both the diagrams to 

mark the different parts. 



Fig. 90. 




The outermost thick membrane akdc is called the 
sclerotic coat ; it constitutes the white of the eye ; the pro- 
jecting transparent part ahc is the cornea. The lens- 
shaped body e is the crystaJiline lens or humour, a cartila- 
ginous transparent mass, suspended in a delicate transparent 
capstde. The interior of the eye is divided into two un- 
equal chambers by t\i% ciliary processes gh. The anterior 
and lesser chamber ate is occupied by the aqueous humour, 
and the larger or posterior chamber gmnh with the vitreous 
humour. The former fluid is as limpid as water, the latter 
somewhat gelatinous; both are however colourless, highly 
transparent, and differ but little from water in their re&ac- 
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tive powers ; this also is the case with the crystalline lens. 
The interior surface of the sclerotic is lined with the choroid 
coat gtnnh, which is covered with a black slimy pigment, 
by which the reflection of the light that enters the eye is 
prevented. This choroid coat extends as for as the cornea, 
t. e. to the ciliary processes, which suspend the sac contain* 
ing the crystalline humour. Between this lens and the 
cornea is the iris A / a, in the middle of which is the pupil I, 
a round opening, having the power of dilating and contract- 
ing itself according as the intensity of the light varies. 
Viewed on the exterior the iris of the human eye appears as 
a ring of different colours. The i^tic nerve f, which goes 
through the sclerotica, spreads itself out on the inner surface 
of this coat in a reticulated form, and is called the retina 
m n. The nerves of the two eyes join in a common cord, 
and so communicate with the brain. — The eyes of warm- 
blooded animals resemble in their construction the same 
organs in man. By dissecting one of their eyes, as that of 
an ox, the various parts may readily be distinguished. 



§338. 

Since we now know the construction of the eye, we can infer 
from the laws of refraction the mode in which images of objects 
are formed in it. If a pencil of rays from any luminous point 
daii upon the eye, those rays which pass through the pupil 
become refracted by the crystalline humour in the same manner 
as by any other double convex lens, that is to say, they converge 
and meet at a point on the other side of it ; they also suffer a 
refraction in the other two humours, between which the crystal* 
line lens is situated. According to the laws of refraction (§ SI 1.) 
there will be formed in the interior of the eye a small inverted 
imoffe of every self-luminous or illuminated object. 

That such an image is actually formed in the interior of 
the eye follows firom what has been already said. How the 
sensation of these images and their colours is communicated 
to us we cannot exactly say, as we are but imperfectly ac- 
quainted with the nature of light itself Probably, however, 
the sensation of images and colours is owing to an irritation 
vrhich the light produces in the fine threads of nerves which 
are spread like a delicate network throughout the interior 
of the eye, and thus the irritation is communicated to the 
brain. Some philosophers are of opinion, that this irritation 
. is owing to the thermal and chemical influence of light 
According to the undulatory theory, the cause is supposed 
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to be, that the particles of aether in the eye being put into 
a state of undulation, not only communicate this motion to 
the optic nerve, but that, by the difierent velocities with 
which they undulate, they excite the sensation of colours in 
a manner similar to that in which a variety of notes is pro- 
duced. 



§ 339. 

The perception of objects is not owing to our seeing their 
images depicted on the retina, for to do this we should require a 
second eye placed behind the first ; the consideration of this fact, 
that we do not actually see the images in our eye, will render it 
less difficult to understand why the object viewed appears erect, 
although its image is inverted. If an object be seen in a plane 
mirror, we know that our judgment assigns to its parts a position 
according to the direction in which the rays of light they project 
strike the eye : in like manner, when rays descend to our eye, and 
thereby depict an image on the lower part of the retina, we are 
conscious that it is from the upper part of the object they were 
projected ; and, conversely, those rays which enter from below, 
and form an image on the upper part of the eye, we invert and 
refer for their origin to the lower part of the object 



Note. Miiller decidedly objects to the explanation given in the text, saving 
in his Elements of Physiology ^translated by Dr. Baly), part v. p. 1171., 
" The hypothesis, that erect vision is the result of oar perceiving, not the 
image on the retina, but the direction of the rays of light which produce it, 
involves an impossibility, since each point of the image is not formed bv rays 
having one determinate direction, but by an entire cone of rays ; and, inore- 
over, vision can consist only in the perception of tlie state of the retina itself, 
and not of any thing lying in front of it in the external world " 

The professor thus explains his own view of this subject by saying, '* 

even if we do see objects reversed, the only proof we can possibly have 
of it is that afforded by the study of the laws of optics ; and that, if every 
thing is seen reversed, the relative position of the objects of course remains 
unchanged. It is the same thing as the daily inversion of objects consequent 
on the revolution of the entire earth, which we know only by observing the 
position of ttie stars ; and yet it is certain that, within twenty-four hours, that 
which was below in relation to the stars, comes to be above. Hence it is, 
also, that no discordance arises between the sensations of inverted vision and 
those of touch, which perceives every thing in its erect position. Even the 
image of our hand, while used in touch, is seen inverted. The position in 
which we see objects, we call therefore the erect position." 

Volkman even argues that no explanation of erect vision is required, for 
" nothing can be inverted where nothing is erect ; each idea exists only in 
antithesis to the other." 



Digitized by CaOOQ IC 



SINGLE VISION. 115 



§ 340. 



A second question arises, which is this : How is it that we do 
not see a double image of the object viewed when we use both 
eyes? This case resembles that of erect vision. When we look 
at any object, each eye arranges itself so that the axis of its crys> 
talline lens intersects the object. Let a and b, fig. 91., be the 

Fisf. 91. 



two eyes, and c any object before them ; then a c and b c are their 
axes, which meet in c. An image is consequently produced in 
each eye, behind its crystalline lens, which will correspond with 
the perspective projection of the object from the points a and b. 
Thus, as both these images are conveyed to our sensorium through 
the medium of the optic nerve, we throw them back inverted to 
c, the point of intersection of the optic axes« where, as they coin- 
cide, they excite simultaneously the sensation of the object in our 
mind. 

Mr. Wheatstone made use of an ingenious and extremely 

simple instrument, called the Stereosc(^, which may serve 

to prove the accuracy of these deductions. It consists of 

two plane mirrors, inclined with their backs to each other, 

at an angle of 90*^ ; perspective drawings of an object are 

placed at the sides of the mirrors, and at equal distances 

from them in the same horizontal line; the spectator 

placing his head against the edges of the two mirrors, will 

see a single image of the solid represented by the drawings. 

An object will be seen double if the eyes are set so that their 

axes may meet either before or beyond the object ; or the same 

efiect is produced by withdrawing one of them from the line 

joining the eye and the object. The following experiments will 

verify this. 

Firtt Expt. Place a lighted candle at a distance of from 
6 to 8 paces off, and look at it with both eyes, it will appear 
single. Now place one finger before the eyes from 8 to 10 
I 2 
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inches from them, and look steadily at it, you will see a 
candle on each side of your finger. Referring to^^. 91., c 
may represent the finger, and / the light ; then the optic axed 
must be directed to c to see the candle plainly. The rays 
from / producing images at m and », lying beyond the axes, 
cause two lights to be seen, one on each side of the finger. 

Conversely, the finger may be viewed double, by di- 
recting the optic axes to the light. 

Second Expt. Look at any object with both eyes, and 
then press the ball of one eye, \fy means of your finger, 
slightly out of its place, and in the eye under pressure a se- 
cond image will be produced, or the image already existing 
there will assume a new position. 



§ 341. 

The conditions which must be fulfilled, in order to the image 
of any object being perceived by the optic nerve, and thus trans- 
mitted to our sensorium, are the following: it must be suffi- 
ciently distinct and luminous ; it must fdU dUrectly on the retina ; 
it must have an adequate magnitude^ and remain a sufficient length 
of time on the retina. 



§ 342. 

Images to possess the requisite degree of distinctness must, es- 
pecially, be free from spherical aberration. (§ 309.) To this the 
form of the crystalline humour, the position of the iris, which 
serves as a blind, and, lastly, the concave figure of the retina, all 
contribute. The prismatic dispersion of. the light is not abso- 
lutely annihilated, but as the images are formed on the retina in 
the axis of the crystalline lens, or very near to it, the refraction 
of the rays causes an almost infinitely small dispersion. 



§ 343. 

An image is sufficiently iUuminated when the object that pro- 
duces it sends, or is capable of sending, the requisite quantity of 
light into the eye. If the light be too intense the pupil con- 

NoTB. Any one may satisfy himself that the eye is not perfectly achromatic , 
by looking steadily at a piece of paper on which large characters have been 
written or printed, the eye being adjusted for a distance diflferent from that 
at which the paper is held ; the letters will appear to have prismatic fringes, 
and the less tUstinct the images the more deeply are the fringes coloured. 
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tracts, and admits but a small portion into the eye ; if, on the con- 
trary, it be but weak, the pupil dilates so as to receive more rays. 
There are limits, though &r asunder, for if the light be either 
insufficient or too powerful, in either case the eye is incapable of 
distinguishing objects. 

The extremes at which the organ, in a healthy condition, 
is capable of reading print, are in the light of the full moon, 
and in that of the sun at noon, these intensities being to each 
other as 1 : 300,000. 

Hence we can understand how it is that we are able to 
see objects in a room which has been suddenly darkened, or 
into which one comes out of the sunshine. The sudden 
orer-excitement of the optic nerve by intense light some- 
times produces blindness, and is always hurtful to the sight. 
Many species of animals, ex. gr.y fishes in the depths of the 
sea, and beasts of prey who prowl by night, are iible to see 
oLgects with a much less degree of light than we can. 



§ 344. 

We know that the images produced by a convex lens appear 
distmctly only at a certain distance from the lens. (§ 311.) When 
the object is near the distance is increased, and inversely. Since 
the crystalline humour is precisely such a lens, it is evident that 
if its form and position remain unaltered, a distinct image can be 
produced on the retina only when an object is at one precise dis- 
tance from the eye ; but experience tells us that objects are 
clearly seen at distances extremely unequal ; hence we infer that 
some provision exists by which the eye accommodates itself to the 
distance at which an object may be situated. Whether this is 
efibcted by some alteration in the form or position of the crystal- 
line lens, or whether the retina is thus modified, is uncertain; 
but that some adaptation of this nature does exist, would appear 
from considering that, when we look suddenly at a remote object, 
after having observed one near to us, and vice versa, in neither 
case do we mstantaneously see the second object distinctly. These 
changes depend partly on our volition, and partly on the sensa- 
tion produced by the light. This self-adjusting power of the 
eye is eierted only within certain limits. 

§345. 

The distance at which objects can be seen distinctly, or the 
** distantia visionis distinctee," is with most persons from 8 to 10 
inches. Objects nearer than this are either not seen distinctly, or 
are so seen by a painful effort. 

1 3 
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<* Myopia,'* or near-sightedness, is that condition of the eyev 
peculiar to some persons, in consequence of which they see ob- 
jects distinctly at less than the usual distance of distinct vision; 
the opposite imperfection is ** presbyopia,'* or far-sight. The sub- 
jects of the former infirmity receive no distinct impression of 
objects beyond the range at which they see distinctly, for the 
images of such objects fall in front of the retina. Far-sighted 
persons, on the contrary, have no distinct image of objects at a 
distance of from 8 to 10 inches from the eye, because their image 
is projected beyond the retina. To remedy these natural defects, 
the latter class should make use of convex lenses^ by which the rays 
of light would be brought sooner to a focus, so as to meet on the 
retina ; and the former class should employ concave spectacles, by 
which the rays would be rendered more divergent, and would, 
consequently, meet on the retina instead of before it. 

The principal cause of either lo8g or short sight will be 
found to be the nature of the employments in which the eyes 
are principally engaged. If spectacles are used to aid im- 
perfect vision, those ought to be selected which exactly re- 
medy the defect to which the individual is subject. The 
choice must therefore depend on the distance of distinct 
vision of the unaided eye, and also that at which it is wished 
to see objects plainly with the aid of the spectacles. Let a 
represent the natural distance of vision, and a that which it 
is wished to attain ; then the radius r of the spectacles which 

would suit the eye would be, if double convex, -= 

' r a a. 

(see S SI 2. under A 4) ; or if double concave, = — + - 

(§ 312. B). 

If the distance of distinct vision of a &r-sighted perspn be 1 2 
in., and he wishes by the aid of glasses to see objects distinctly 

at 8 in., then - = -——, or r=24 in. ; i, e. he must use a 

double convex lens, having a focal distance of 24 in. — Con- 
versely, if the distance of distinct vision of a near-sighted 
person be 4 in., and he desires to see objects distinctly at 

8 m., — = — + -, or r=8 m., i.e. he would require a 
r 4 8 ^ 

double concave lens, whose focal distance is 8 inches. Spec- 
tacles can, of course, be made to render objects distinctly 
visible at greater distances, but they are decidedly injurious 
to the sight. In case such should be required, their radius 
may be found for any particular distance in the manner 
shown above. 
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The inverted image on the retina may be seen by paring 
ofi^ with a sharp knife or razor, so much of the sclerotica of 
an ox*s eye as renders the remaining portion transparent. 
Now hold the cornea at a proper distance opposite to any 
luminous object, as the flame of a candle, and you will have 
a small inverted image of the flame distinctly visible on the 
transparent part of the sclerotica. 

An artificial glass eye, which may be procured at the 
opticians, will be found convenient in illustrating the func- 
tions performed by the different parts of this organ, as also 
for showing how convex and concave glasses remedy the op- 
posite defects of long and short sight. 

Sometimes the retina becomes partially or entirely insen- 
sible to the impressions of light. This morbid condition of 
the organ is termed amaurosis. Cataract is another disease 
to which the eye is liable. It consists in a thickening of the 
crystalline humour ; in consequence of which light is either 
imperfectly or not at all transmitted to the retina. This 
disease is cured by couching, t. e. either by extracting or 
depressing the lens, and using very convex glasses to dis- 
charge the proper office of the crystalline humour in a 
healthy state. 

§346. 

To the production of a distinct image on the retina, it is fur- 
ther requisite that it be of a certain magnitude, which will depend 
on the susceptibility of the eye, and on the illuminating power 
and colour of the object The image of an object moderately 
illuminated must be 0*001 of an inch long, or the extreme rays 
of light must form an angle of ^ a minute in the eye at a mini- 
mum ; whence it follows that an object of mean illuminating 
power will be visible if its distance fit>m us is not more than 68 
or 69 thousand times its greatest length. Strongly luminous 
bodies, such as tBe fixed stars, are visible at infinitely small visual 
angles ; they excite in the eye merely a sensation of light, without 
creating any impression as to their apparent magnitude. 

Plateau asserts that white may be distinctly seen in the 
light of the sun at an angle of 12'^ yellow at one of 1S'^ red 
at 23''i and blue at 26'' ; but that in ordinary day-light these 
angles must be } as large again« 



§347. 

Light must act upon the eye for a certain length of time to 
excite any impression, and such impression will continue even 
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after the catwe has ceased to act. The length of its duration 
depends, eaterU paribus, on the eolenr of the light ; white lasting 
longest, next yellow, then red, and last of all blue. The mean 
duration of the impression excited by all the colours from the 
instant of their maximum intensity till their entire disappearance 
is ^d of a second in a dark room, and }th of the same time in a 
light room. If two or more impressions succeed each other at 
such short intervals that the first has not faded away before the 
next commences, they run into one another, so that it seems as if 
the eye received but a single impression from the combination of 
the individiud impreasions succeeding each other so rapidly. 

Hence arise the many deceptions by which we seem to 
▼iew an object in rapid motion at several points in its path 
at once ; ex. gr., a flash of lightning appears to us one con- 
tinued stream of light ; a lighted stick whirled round quickly 
describes, apparendy, a continuous circle of fire. Catherine- 
wheels and rockets, by their rapid movements, produce the 
impression on our retina of uninterrupted lines of light. On 
the same principle also we can account for the action of 
the Thaunuiirope and of the Stroho$copic plates, invented by 
Stampfer of Vienna, in 1833 ; also for the effects of New- 
ton's coloured wheels. (§ 324. ) If the luminous impression 
be feeble, and also in rapid motion, it will not be perceived 
by us ; hence musket and cannon-balls fly unseen. 



§348. 

In forming an idea of the real magnitude, distance, position, and 
motions of objects, our judgment performs acts and draws con- 
clusions which have become easy to us by continual exercise 
from the time of our childhood. It is readily seen how, in 
arriving at conclusions on these matters, errors frequently arise ; 
also how this faculty may be improved by practice ; and, lastly, 
why little children, and persons who, being bom blind, have re- 
covered their eyesight, are deficient in these uses of the organs of 
vision. 

We infer the real magnitude of an object from its apparent mag- 
nitude, or from the angle under which its rays intersect each other 
in the eye. The extension of that side of an object which is 
turned towards us is seen under this angle, which is termed the 
" angle of vision,** or ** angulus opticus." If two objects of un- 
equal magnitudes be at equal distances from us, the greater object 
will have the greater angle ; but if the distances be unequal, it 
is very possible that they may make equal angles. 



I 
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Suppose be and bd. Jig. 92., to be two obrjeets at the 
same distance from an eye, at a ; be will be seen under a 

Fig, 92. 




greater angle-of-yision, bac, than b d will, its angle being 
only bad', if bd approach the spectator and acquire a new 
position b'd', the two objects will then be seen under the 
same angle. 

If we call the angle of vision a, the perpendicular height 

of an object A, and its distance d, then - ~ tan. a ; or 

a 

h^d , tan. a, and <f —A . cot. a, which are the mathematical 
expressions for the true height and distance of an object. 
As has been already remarked, we throw back the image of 
any object formed in the interior of our eye to a certain distance 
before it. But all that we know as to the actual distance of any 
object from us is merely a deduction of our judgment, arrived at 
through the sensations which we find to be excited in the eye 
according to the different distances of objects. These sensations 
are regulated — 

1.) By the angle of vision, when the actual siae of the object i$ 
known to us. 

From the decrease in the magnitude of the optic angle of 
any object of known size, as ex, gr., a man, we infer the in- 
crease of its distance. 
2.) From the angle which the axes of the eyes, when directed 
towards the object, form with it at their point of contact, this 
angle, called the angle of parallax, becomes greater as the object 
is nearer. 

If an object be at c, Jig. 91., the angle of parallax at this 
distance is x ; but if it recede to ^ the angle becomes y, 
which is obviously less than x. 
3.) From the iOuminating power of the object ; as this decreases 
tbe distance appears to increase. 

The light of the day, the position of the sun, and the 
clearness of the atmosphere exert a considerable influence on 
the illuminating power of objects ; hence our judgment is 
frequently misled in estimating the distance of objects. 
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4.) From the number of things intervening between the eye of the 
observer and the object, since by inductive reasoning from the dis- 
tances of nearer objects we infer the distances of such as are 
more remote. 

If^ when the distances are considerable, we have no inter- 
vening standard of measurement, our conclusions as to the 
remoteness of objects are often erroneous, and generally we 
are apt to underrate their distance: this has been experienced 
by most persons at some time when looking over a wide 
plane on which there were either few objects, or none at all, 
to serve as standards of measurement, especially when look- 
ing at a sea on which there were but few vessels. 
5. ) From the position of the object rdaHvehf to some other objects 
whose distance is known ; in this case we use the known distance 
as a measure by which to judge of the unknown. / 

Our estimate of the distance of any object will be increasingly 
accurate, in proportion to the number of these elements which 
enter into our calculations. When objects are near to us, nearly 
all the points which we have been considering act together, and 
give greater certainty to our estimate. The greater the distance, 
the fewer of these auxiliaries there are to assist us, until certain 
limits are exceeded, when nothing remains on which to base our 
conclusions. 

By the same means we determine the relative positions of objects 
to one another. We are principally guided by the angle of vision 
which the position of objects makes in our eye, t. e, by the space 
which intervenes on the retina between the images the objects 
produce. When this angle is of an average magnitude, our 
judgment will generally be most accurate. 

We estimate the motions of objects by the movement of their 
images on the retina ; to be perceptible, they must have a velocity 
which will cause the image to describe an arc of one minute in a 
second of time. 

Motions which produce a smaller change than that named 
above, in the angle of vision, are not appreciable by us ; 
hence we do not see the hour-hand of a clock move, nor do 
we perceive the motions of the heavenly bodies. 



§ 349. 

Those colours are called accidental colours which are observed 
to be but transient on a body, or which continue to be depicted 
on the retina for a short time after the object which produced the 
impression has been removed ; they are sometimes called subjec' 
tive or physidfogical colours, to distinguish them from such as are 
permanent to bodies, and which are termed objective colours. 
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They are excited by the external impressions of light, under two 
distinct conditions, viz. when the eye has been very vividly affec- 
ted by the action of white or coloured light upon it ; and also by 
the contrast of a colour, when white light succeeds the coloured 
rays. The phenomenon, in the main, consists in this, that the 
first vivid impression after some time induces its opposite in the 
eye ; thus white light is succeeded by an ocular spectrum of black, 
and each of the colours is followed by an image of its comple- 
mentary colour. 

Instances of ocular spectra induced by intense luminous 
excitement : — 

First Expt. Look steadfastly with both eyes upon a black 
figure (a wafer), on a white sheet of paper, on which the sun 
shines strongly ; and then hold a handkerchief over your 
eyes, or turn towards a greyish or dimly illuminated wall ; 
and you will have the impression of a white wafer on a grey 
ground. The converse obtains, if a white object be looked 
at, on a black surface* 

A similar effect is. produced, if a person look steadily for 
some time through a window, at white clouds ; and then 
cover his eyes with a bandage, he will have a spectrum of 
dark clouds behind white window frames. 

Second Expt. Lay any coloured object, as a red wafer, or, 
better still, a piece of red ribbon, on a sheet of paper, and 
look at it till the eye becomes weary with counting the 
threads ; if the ribbon be removed quickly, a spectrum of 
green, the complementary colour to red, will be seen. 

Dr. Bottger observed, that when a plate of white porce- 
lain was substituted for the sheet of paper, in this and the 
preceding experiment, the accidental colours were rendered 
much brighter and purer. 

JTUrd Expt. Burn a small quantity of red fire in a dark 
room ;* extinguish it, and the eye will see a green flame. If 
the eye be closed, the green spectrum will be equally visible 
as if it be kept open. The succession of the colours will be 
inverted, by burning something that will produce a green 
light. A similar effect follows, if the setting sun be long 
and steadily looked at, its red disc being succeeded by a 
green spectrum. 

That these colours are accidental, may be inferred from 
the fact that, if one eye be closed, whilst the other receives 
the impression from the light, the phenomenon takes place 
only in that eye, and not in the closed one. 

Fourth Expt. If we look long at an object through a 
coloured glass, for instance, through a piece of violet glass, 
the object will seem to be illuminated by the sunshine. 
Experiments on ocular spectra by contrast : — 
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Fifth ExpU Coloured Shadows. — Make two apertures, in 
the form of parallelograms, in a window shutter, the width 
of the holes being 4 to 6 inches, axid their distance asunder, 
measured horizontally, from 1^ to 3 feet. Close one of the 
apertures with a stained glass plate, and the other with a 
wooden slide. Allow a coloured beam, through the first 
opening, to ^1 upon a rod, and it will project a black sha- 
dow on a white screen placed behind it ; the rest of the 
screen bein^ apparently of the same colour as the glass 
through which the light was admitted. In like manner, 
admit only white light through the other opening, and the 
rod will cast a black shadow on a white ground. Now, if 
light be admitted simultaneously through both the apertures, 
the rod will cast a shadow from each of the sources of light ; 
but both of them will be coloured, instead of being black, as 
before ; the shadow projected by the day-light being of the 
same colour with the stained glass, whilst the shadow cast 
by the coloured light, and partially illuminated by the sun's 
rays, exhibits the complementary colours. Thus, by means 
of a green plate, we get green and red shadows ; by an 
orange plate, orange and blue shadows, &c. The size of the 
aperture by which day-light is admitted may be r^ulated 
by the wooden dides. 

Coloured shadows may be obtained in a still more simple 
mode, thus : admit day-light through a small opening into a 
room, and project the shadow of any opaque object upon a 
white screen. Place a lighted can^e or lamp at a proper 
distance from the body, and it will cast a second shadow ; 
the former shadow becoming orange -coloured, and the latter 
blue. The shadow cast by the day-light is rendered orange 
by the orange rays of the artificial light ; whence the shadow 
which it casts necessarily appears of the complementary 
colour. 

Sixth Expt, Spectrum of Complementaty Colourt by Double 
Refteetunu — Lay a plate of coloured glass on a common 
looking-glass ; if a small space, about a ^ of an inch, be left 
between the two sur&oes, it will be better. Interpose be- 
tween the piate and the looking-glass a sheet of blade paper, 
so that the under-surfeice of the stained glass may not reflect 
the light ; hold a sheet of white paper, on which a black 
figure b marked, in front of the glass ; and the drawing will 
be reflected the same as in an ordinary looking-glass *. that 
is to say, the white will appear white, and the black, black. 
If the black paper be removed, we shall have a double image 
— one reflected from the surface of the coloured glass, and 
the other from that of the looking-glass. Take away the 
black paper, the light will pass through the coloured glass. 
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which we will suppose to be green ; the under-suiface will 
accordinglj reflect a green image ; and the upper one, which 
before threw back a white image, will now reflect one of the 
complementary colour, red. If a yellow or blue glass be 
substituted for the green, corresponding results will follow. 
The explanations hitherto given of these phenomena are as 
numerous as they are unsatisfiu^ry. That of Petrini is the 
simplest and most naturaL Every nenre, he says, becomes 
fetigued by an impression continuing long upon it; and 
every less powerful impression fiides away, or is received less 
vividly, when accompcmied by one more powerful. "When, 
therefore, the eye has received a very powerful impression 
from any coloured light, the sensation of this colour dis- 
appears from the more feeble white light, and the comple- 
mentary impression alone remains. In short, if the eye is 
affected by any predominant colour, it immediately receives 
the sensation of its complementary colour, just as when a 
string is struck, the ear perceives simultaneously the funda« 
mental note and the note that harmonizes with it. 

XI. THE PRINCIPAL OPTICAL INSTRUMENTS. 

1). The Camera Obseura, 

§ 350. 

The Camera Obscura, as its name imports, is a dark chamber, 
enclosed on all sides : as generally constructed, it is a box, painted 
black inside ; the light from external objects being admitted into 
it through a convex lens, which, collecting the rays transmitted 
through it, forms an inverted image of these external objects (§ 
S14.) at the focus where the refracted rays meet : the image thus 
produced is received on a white screen. 

To obtain an erect vertical image, according to Horn6r, we 
should use a right-angled prism, which will refract a second time, 
and in an inverted position, the rays transmitted through the 
convex lens. 

Let A B C,Jig. 93., represent the prism, and ma,n dtwo 
rays which have passed through the convex lens and pro- 
duce the inverted fmage 
Fiff. 93. mn; then, as the dia- 

gram shows, 9R a is re- 
fracted in the direction 
abcm^fSaidnd in the di- 
rection dfg n' ; whence 
it follows that m' n' 
must be an inverted 
image of tn n* 
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If we wish to obtain the image on a horizontal plane, we 
should make use of a plane mirror, inclined at an angle of 45^ to 
the axis of the lens ; by which means the rays, after passing 
through the lens, will be reflected either upwards or downwards. 
In the first case, the image is generally received on a plate of 
ground glass, through which it shines so as to be visible from 
above. This apparatus is sometimes called a camera dara. In 
the second case, a sheet of white paper is usually placed to 
receive the image horizontaUy, the mirror being made to reflect 
the rays downwards, instead of upwards ; the spectator must, b 
this arrangement, either be himself within the camera, or he 
must look in upon the images through a small round bole, made 
for this purpose, in the side of the instrument. 

The images formed by the camera obscura depict most accu- 
rately the forms, colours, and degree of illumination belonging 
to the different objects ; it has the additional charm of presenting us 
with an animated picture, the movements of external objects being 
repeated in the image. It represents, on an enlarged scale, what 
is continually taking place on the retina of our eyes. 

Why are not the images of near and distant objects pre- 
sented to us with equal distinctness by the camera ? — How 
can we adjust the instrument for distinctly representing ob- 
jects at different distances? — If the image formed by the 
convex lens is received on a convave instead of on a plane 
Surface, the whole picture will be rendered distinct. Why ? 
— Advantages derived from the use of an achromatic convex 
glass. — Why is a metallic speculum preferable to the com- 
mon looking-glass, generally used in this instrument ? 

The camera obscura was invented in the 16th century, 
by John Bap. Porta. Wollaston's camera lucida is now 
more generally used than the former instrument, to obtain 
mechanically correct representations of natural objects. 



2.) The Different Kinds of Microscopes. 

§ 351. 

The use of a microscope is to furnish us with magnified images 
of objects so minute, that when held at the distance of distinct 
vision, the eye would be incapable of distinguishing their form 
and parts. This is accomplished by enlarging the optic angle ; 
for every object appears greater according as we increase this 
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angle; greater, consequently, as we bring it nearer to our eye 
{§348.): but we cannot bring an object nearer than the dis- 
tance of distinct vision, /. e. within from 8 to 10 inches of the 
eye ; for if we do, the angle of vision and the image of the object 
become so enlarged, that the image is projected beyond the retina, 
and is of necessity indistinct. 

Expt. Prick a card with a fine needle, and placing your- 
self before a window, look through the puncture at a needle, 
which must be held at the distance of distinct vision, and in 
a line with your eye : you will observe that the image of the 
needle is considerably magnified the nearer it is brought to 
the aperture in the card, till, when it is close to it, the out- 
line of its eye becomes altogether indistinct. 

The single microscope consists of a convex lens, with a very 
short focal distance. If an object be viewed through it at less 
than its focal distance, but near to the focus, the rays transmitted 
through the lens will be rendered more convergent, and an eye on 
vhicb they fall will see the object under a greater angle of vision, 
i. e. it will see the object magnified. 

An eye a, Jig. 94. , would 
Fig. 94. see the object 6 e under 

the angle bac: interpose 
between Hie eye and the 
object a convex lens m, 
at the proper distance, 
and the rays will be re- 
fracted (§ 311.), as shown 
in the^^., so that the ob- 
ject wUl be viewed under 
the larger visual angle 
B a C ; the object itself will, therefore, appear magnified 
as B C. 
The image of an object produced thus will be thrown back by 
the eye to the distance (^ distinct vision, viz. to 8 or 10 inches 
from it. A short-sighted eye would require that the object 
should be brought nearer to the glass, and a far-sighted person 
would place the object further from him ; it would, therefore, 
appear more highly magnified to the latter than to the former. 
The linear magnifying power of such a lens will be nearly 
the multiple that the distance of distinct vision is of its focal 
length. 

We have said above, that the distance b m,Jig» 94., at which 
the object & c is to be placed before the lens, must be nearly 
equal to its focal length in order to obtain from it the 
greatest possible magnifying power; let Bm be the dis- 
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tance of distinct yision, at which the nuignified image B C 
appears to the eye ; then, because the A 8 icm and B Cmare 
similar, 

BC.bc = Bm : 5m, 

.-. BC =:l!!L. be, 

bm 

Notr let the size of the object &c be 1, its distance from 
the optical centre of the lens b m, which is Terj nearly the 
same as its focal distance fi the distance of distinct vision 
B m CB V ; then the magnifying power m would be thus ex- 
pressed, m mm J^ ; i. e, it would equal the distance of dis- 
tinct vision divided by the focal length. The magnifying 
power rather exceeds this quotient In fact, we have to 
imagine the eye as seeing the image produced by the refrac- 
tion of the lens at the distance of distinct vision, as if it were 
a virtual image on the same side of the lens with the object 
itself. Then from the mathematical deductions appended 
to § 312., if 6 m = the distance of the object from the optical 
centre m, Bfn=:tbe focal length, or distance of the image 
from m ; then by equation 1. 

Ill . ^^. II 1 

.^ as- + -: or, m this case, -r= -7 — + = — . 
f a a f bm B m 

But as the image which the eye perceives has a position 

exactly opposite to that which it is assumed to have in the 

above equation, a or B m must be made negative ; hence : 

\ J_ J_ 

/ ~ 6m~iBm' 

Bm Bm , 

Bm Bm , 

and -r — = -7- + 1. 

bm f 

If now we substitute the values assumed above, we get 

V 

m=--r + I. 

Supposing that the eye is placed as near as pos^ble to tlie 
lens, the thickness of which may be neglected, it follows that 
the number expressing the linear magnifying power of the 
microscope exceeds by 1 the quotient obtained by dividing 
the distance of distinct vision by the focal lengthy 

With this correction then, a lens having a focal distance 
of 1 inch will have a magnifying power of 9 ^ an eye whose 
distance of distinct vision is 8 inches, of 10 for an eye whose 
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distance is 9 inches, of 11 for an eye whose distance is 10 
inches. Consequently, a lens will magnify objects 21 times 
if its focal distance be | an inch, and the distance of distinct 
▼ision be 10 inches ; if the focal distance be | of an inch, it 
will magnify 41 times; ift^th of an inch, 101 times. It 
must be remembered that m all these instances we speak 
only of linear magnifying power. The superficial magni- 
fying power is found by squaring the linear. 

§352. 

The compound mcroscope consists of several convex lenses, or of a 
combination of concave specula and lenses. The former is termed a 
du^ptric ox refra^ng, and the latter a catoptric or reflecting microscope. 

In its simplest form, the refracting microscope consists of only 
two convex lenses. The lens nearest to the object is called the 
objeot-glasi, and has a very short focal length. The object to be 
examined is placed beyond the focal length, but near the focus of 
this lens, which forms a magnified but inverted image of the ob- 
ject on its further side. (§311. 5.) The second convex lens, 
called the eye-glass^ has a greater focal length than the other. 
Its axis coincides with that of the object-glass, beyond which it 
is placed at such a distance^ that an eye looking through it sees 
an inverted image of the object, just like that viewed in a single 
microscope. The linear magnifying power of these microscopes 
is equal to the product of ti^e magnifying 'powers of the two 
glasses. 

In reflecting microscopes the place of the object-glass is occu- 
pied by a concave speculum, which produces an inverted image 
also.(§ 295. 4.) 

Fig, 95. illustrates Hie principle on which compound 
microscopes act — a 6 is the object, B the object-glass, 
1^.95. 




inverted image formed by this lens, and 
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a* l^ the image magnified again by the eye-glass C, and seen 
by the eye at A under the angle of vision a* A 6*. 

If we suppose the magnifying power of the object-glass to be 
20, so that a'b' — 20ab, and that of the object-glass 5t so that 
a» fc»= 5 a' 6', a» 6*=:20 X 5 = 100 a 6 ; or, in other words, the 
eye will view the object under an angle 100 times larger 
than it would have done unaided by this instrument. — The 
superficial magnifying power is found in the same manner as 
that of single microscopes. 

Dr. August gives the following method of testing pretty 
nearly the magnifying power of one of these microscopes. 
Place some object of known size before the object-glass, 
look with one eye through the microscope, and with the 
other at the point of a pair of compasses which you hold at 
the distance of distinct vision before the other eye. Open 
the legs of the compass to such a distance as equals the 
diameter of the object viewed through the microscope. 
Divide this diameter by the actual diameter of the object, 
both being in the same denomination, and the quotient will 
give the magnifying power required. 

Advantages derived from ttie use of achromatic object- 
glasses. — Microscope with more than two convex lenses. 
— Campani's collective lens. 

§ 353. 

. The solar microscope is nothing more than a magic lantern, 
the light of the sun being used instead of that of a lamp. The 
object to be magnified is strongly illuminated, and its inverted 
image, formed by a convex lens of short focal length, is projected 
on a white screen : the object is to be placed n^ar but a littie 
beyond the focus. The rays of light which pass through the 
lens are so refracted by it (§ 311. o.) that they form an inverted 
image at a certain distance from it ; which distance and image 
will be greater, the nearer the object is to the focus. The linear 
magnifying power is proportional to the distance of the image 
from the lens divided by its focal length, or it equals the diameter 
of the image divided by that of the object If the light be suffi- 
ciently strong, a more brilliant image will be obtained than from 
the common microscopes. 

Lately, for the light of the sun^ or of a lamp, there has been 
substituted the intense light generated by the combustion of a 
piece of lime in a stream of oxy-hydrogen gas, whence the 
instrument is called the oxy-hydrogen microscope. The intensity 
of this light is such that a cylinder of the ignited lime half an 
inch in diameter diffuses a light greater than that yielded by 153 
wax candles. — To illuminate the object sufficiently, a convex. 
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lens b used of considerable size to refract the rays of the sun, 
lamp, or ignited lime, so that they may hW. together on the object. 
This lens is called a coUecHve or iUuminating lens* 

S,) The Different Kinds of Teleseopet. 
§354. 

Telescopes are used for much the same purpose as microscopes, 
^ to present objects to our eye under a greater yisual angle, 
and consequently with their proportions enlarged. The difference 
in the application of the two classes of instruments is, that 
telescopes serve to magnify objects that appear small from their 
great distance, whilst microscopes are used to magnify minute 
objects near us. 

Telescopes are either refracting telescopes, and consist entirely 
of lenses combined together, or of lenses and concave specula 
when they are said to be reacting telescopes. 

Telescopes, like nucroscopes, magnify objects by enlarging the 
angle under which they are viewed. Their power equals the 
quotient of the visual angle of the eye looking through a 
telescope divided by the visual angle of the naked eye. 

The space or range seen through a telescope is technically 
termed the field of vision. It is measured by dividing the angle 
under which it is seen by the angle of vision of the naked eye 
embracing the same field within its view : the greater the magnifying 
power of the instrument, the less will the angle of vision of the 
naked eye be compared with that of an eye looking through the 



It is requisite that the objects viewed through a telescope 
^ould be seen with the greatest possible distinctness^ and that 
they should appear as strongly iUwmnaied as possible. Now, the 
combination of lliese two essential properties is not very easy ; 
for, to admit a large ^quantity of light into the tube we must 
enlarge the dimensions of the lenses, whereas to obtain distinct 
images it is needful to use lenses of the smallest available size. 
The object aimed at in the construction of telescopes is therefore 
to secure the greatest attainable distinctness of the image 
consistent with the admission of an adequate degree of light. 

§355. 

Refracting telescopes are of three kinds, viz. Keppler's, or the 
astronomical teUscope, invented by Keppler, 1611 ; the terrestrial, 
invented by the Jesuit Maria de Rheita, about the year 1 630 ; and 
the Dutch telescope, or Galileo's telescope, first made by Jansen 
in 1590. The two first are merely combinations of convex lenses, 
the last consists of both convex and concave lenses. 
K 2 
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The cutronomical telescope is made by placii^ two convex 
lenses of unequal fi>cal lengths one before thp other, in such a 
manner that they may have a common axis. The farther lens is 
termed the object-glass; it forms an inverted image of the objects 
seen through it ; if they be very distant the image will be near the 
focus of the glass, and in proportion as their distance diminishes 
the image recedes from the focus. (§ 311. I, 2, and 3.) The 
observer views this image through the second or eye-gkut, in the 
same manner as through a single microscope : the image will ther^ 
fore be seen by him under a greater optic angle, and consequently 
it will be magnified, but will still be inverted. — From this 
explanation the similarity in construction and in principle of 
these telescopes and of compound microscopes is evident. — The 
lenses are generally distant from each other a space equal to the 
sum of their focal lengths ; but if less distant objects are viewed 
through the instrument, the lenses must be adjusted for a wider 
distance, that the image formed by the object-glass may fall 
beyond its focal length. — The magnifying power is found by 
dividing the focal length of the object 'glass by that of the eye- 
glass. 

Fig. 96. ' 




Let Fig. 96. be a representation of the astronomical 
telescope : a 6 is the object viewed, which must be supposed 
to be at a considerable distance ; C is the object-glass behind 
which and a little beyond whose focus will be the small 
inverted image a' h'\ B is the eye-glass which magnifies 
this image, so that it is seen by an eye at Aj as represented 
at a*V. 

Suppose the object-glass to have a 10 inch focal length, 
and that the eye-glass has only 1 inch, then the instrument 
magnifies an object seen through it 10 times; if the 
object-glass have a 100 inch focal length, the same eye-glass 
would magnify an object 100 times; if we substitute an 
eye-glass with a focal length of ^ an inch, then the magnify- 
ing power would be 200 times. 
As its appellation indeed shows, this instrument is used prin- 
cipally in making astronomical observations; for which purpose the 
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iflTersion of the images is of small consequence. Its advantages 
are, that with an entensiye field of vision it admits a large quantity 
of light, and possesses higher magnifying power than the other 
telescopes. 

The nigkt^lass resembles the astronomical telescope ; it 

differs from it in this, that it has an object-glass of wider 

aperture and shorter focal length ; by which arrangement its 

magnifying power is less than that of. the astronomical 

telescope, but it presents a wider field of view, admits more 

light, and consequently shows objects more distinctly. It is 

serviceable in bringing a larger portion of the heavens under 

observation by night, and in detecting such heavenly bodies 

as have but feeble illuminating powers. 

The terrestrial telescope consists of at least four convex lenses ; 

it may therefore be regarded as a double astronomical telescope, 

all the glasses having a common axis. The inverted image 

fonned by the object-glass of the anterior astronomical telescope 

is again inverted and magnified by the posterior telescope, and is 

therefore presented erect to the eye of the observer. As these 

instruments present objects in their natural position, they are 

used chiefly for viewing distant objects on the surface of the earth ; 

and hence their name. Xiike the astronomical telescope they 

have a large field of sight ; but in consequence of the repeated 

refraction of the light it becomes much diminished, so that objects 

cannot be as much magpiified in them, as in the astronomical 

tdescope, without the distinctness of the image being impaired. 

The terrestrial telescope is represented in fig, 97. L is 

the double convex object-glass, of great focal length ; oS o\ o* 



Fig. 97. 




are three double convex eye-glasses, of shorter but equal 
focal distances, set in one tube, so that the posterior focus of 
one eye-glass may coincide with the anterior focus of the 
next. These foci are marked on the axis a A. For use, 
the instrument must be so adjusted that the object-glass L 
shall project the inverted image a' b', which it forms a little 
beyond the anterior focus of the first eye-glass. If an 
observer were to look through this glass, he would perceive 
K 3 
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an inverted magnified image a" }^, precisely as in the astro- 
nomical telescope. Now, this image being beyond the focaV 
distance of the second lens, o^, an erect reduced image is 
formed within the focal length of the third lens, o^, which is 
viewed by an eye at A looking through this last eye-glass as 
through a single microscope, in the position it* A*. This last 
image will be magnified, because it is sees by &e eye at the 
distance of distinct vision, under the enlarged angle c^ A 6*. 
The field of sight, in both these kinds oS telesec^es, may 
be enlarged by placing an illuminating lens before the proper 
eye-glass ; the distinctness of the image will not be impaired 
by this addition. We have remarked before, that the field 
of a compound microscope i» enlarged by the same con- 
trivance. 
The Gatikan idescope, which, when made on a small scale, is- 
termed an opera glass, consists of a convex object-glass and a 
concave eye-glass. They are placed asunder, at a distance equal 
to the difference of their focal lengths, and, like the terrestrial 
telescope, present objects to our view in an erect position. The 
object-glass would form an inverted image beyond its focus, did 
not the concave eye-glass receive the convergent rays before they 
meet and form the image, and, by refracting them, causes these 
rays to diverge ; the image will consequently be seen in an erect 
position, between the two lenses. The magnifying power of these 
telescopes is found by dividing the focal length of the oli^ect-glass 
by that of the eye-glass. 

Fig. 98, represents the conibination of these two lenses, 
and the consequent refiraction of the rsys of light produced 
in a telescope of this kind. Let a 6 be an object supposed 
to be at a great distance firom the observer ; L is the eoDvex. 

Fig. 98. 



object-glass; ^a' is the inverted image which wouM be 
formed, but for the interposition of the lens o, which, by- 
refracting the rays before they reach this point, causes them 
to diverge and form the erect image a* 6*. 
Since these telescopes have, in common with die terrestrial 
telescopes, the convenience of representing objects to us in their 
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erect position, they are generally used in observing objects at the 
surfiMje of the earth. In consequence of the dispersion of the 
light by the concave eye-glass, they afford but a limited field, and 
are incapable of magnifying objects to a high degree. On the 
other hand, they are the shortest and most portable telescopes, 
from the portion and short focal lengths of their lenses ; if their 
glasses are good, they give distinct and clearly defined images of 
objects ; and, at the same time, considerably enlarge their pro- 
portions. 

§356. 

The common and older telescopes of all the three varieties 
which we have just described, have one defect in common, viz. 
that, owing to the spherical forms of the object glass (§ 809.), 
and its dispersive property (§ 319.), images viewed through these 
instruments were never seen distinctly, and their edges were 
invariably tinged more or less, according to the convexity of the 
object glass: the more the dimensions of the telescope were 
reduced, the more these defects were aggravated. Attempts were 
made to obviate the former of these inconveniences, by using 
object-glasses of great focal ' lengths ; and the latter was reduced, 
by covering part of the glasses with a rim or blind, the prismatic 
dispersion being greatest at the edge of a lens. Without alto- 
gether perfecting the instrument, it was rendered cumbrous, and 
besides lost much light. 

The discojpery of achromatic lenses, by Dolland (§ 322.), sup- 
plied a method for freeing telescopes firom these imperfections ; 
by merely fitting them up with achromatic object-glasses. These 
telescopes are superior to the conunon ones in the following 
respects: that — 

1.) They represent objects very distinctly, and quite free firom 
prismatic colouring on the edges. 

2.) As the rim, or blind, by which a part of the surface of the 
lenses in the other telescopes was covered, is altogether dispensed 
with in the achromatic telescopes, their field of sight is larger ; 
and — 

3.) Their magnifying power is as great as that of longer tele- 
scopes, made on the ordinary plan. 

The largest and best achromatic telescopes are those which 
have been executed in the manufactory of M. Fraunhofer at 
Munich. The instrument made for the observatory at Dor- 
pat has an achromatic object-glass, 9 inches in diameter, and 
160 inches in focal length; this telescope magnifies objects 
700 times ; it is fitted up with a parallax apparatus, so that 
when it is directed towards any star, it is retained, by means 
K 4 
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of a piece of clock-work, in such a position, that the star is 
kept in the centre of the field of vision. A refracting tele- 
scope, of still larger dimensions, was set up at the observatory 
at St Petersburg. 

Achromatic telescopes are very expensive, chiefly because 
flint glass can rarely be obtained of large size, and at the same 
time free from flaws. Prof. Littson of Vienna, in 1 827> 
suggested a method, by which small flint glass lenses might 
^ be rendered equally efllcacious with birge ones. He pro- 
posed that the telescope should be fitted up with its proper 
object glass of crown-glass ; and that a flint glass lens, of 
much smaller diameter, should be placed at a proper distance 
behind the former, to counteract the prismatic dispersion of 
the rays. The name of dialytic teletcopes was given to these . 
instruments. Plossl, of Vienna, was the first who succeeded 
in constructing one to work accurately. 



§357. 

The principal difference between the telescopes already de- 
scribed and the reflecting telescopes is, that in the latter a metallic 
speculum is used, instead of the convex object-glass of the former. 
The inverted image formed by the speculum (§ 295.) is viewed 
through a refracting eye-glass by which it is magnified. 

As reflection from specula is unaccompanied with any pris* 
matio dispersion, these telescopes were superior to all non-achro- 
matic telescopes in this, that they produced images free from 
colour. The inaccuracy of the image, too, arising from spherical 
aberration (§ 293.), could be done away with by using a specu- 
lum of parabolic form. Their defects were, that the specula 
absorbed more light than lenses ; they lost the correct curvature 
of their surface more readily than lenses their distinctness ; and 
also, that the manipulation of reflecting telescopes was found to 
be less convenient than that of refracting telescopes. 

Reflecting telescopes were invented towards the close of the 
seventeenth century ; thus, until achromatic telescopes were made, 
they were the only ones free from the faults mentioned above ; 
and, consequently, they were the best adapted for astronomical 
purposes. 

The mode in which they were constructed varied, and the 
images formed by them might be either erect or inverted. The 
following are the chief varieties : — 

The oldest, or Newtonian telescope, was constructed thus : 
referring to flg, 99., S» will be the metallic speculum, which 
would give an inverted image a' ^ of an object a b opposite to it. 
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Fig. 99. 
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The plane mirror />, placed so as to receive these rays at an angle 
of 45^, threw thera back, and formed the second image a" ^. oo 
is merely a convex eye-glass, which refracted the rays of the image 
o^b* in such a manner, that an eye at A would have an enlarged 
image a* fc*. 

In HerscheTt tde»cope (Jig. 100.) the metallic speculum, S, is 
set at such an inclination to the axis of the tube which contained 
it, that the inverted image 6' a', which it formed of an object a 6, 




, ^^as projected towards the edge of the tube, o o is the eye-glass, 
through which a spectator at A would see the enlarged image 

Sir W. Herschel's telescope, on account of its size and its 
extraordinary performances, has obtained a universal cele- 
brity; its focal length was 40 feet; the speculum had a 
diameter of 4 feet ; and its weight, when cast, was 21 1 Slbs. 
It magnified objects nearly 7000 times, and brought 36,500 
times as much light into the eye as would have been derived, 
without such aid, from the object. 
A third kind of reflecting telescope is that called the Gre^onan, 
which is made thus: — S S,^^. 101, is the speculum ; l/.a', the 
inverted image formed by it, of the object a b. This image is 
reflected again by a second small concave speculum, «, placed 
before the great speculum, and in its axis ; and thus it forms the 
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erect image cf V, which, to an eye at A, will be magnified into 
a* 6". This form of telescope is superior to the other two, inas- 
much as, in making observations, it can be directed towards the 
object in the direction of the line of sight ; and next, that objects 
▼iewed in it are presented in an erect position. The disadvantages 
connected with it are, that the quantity of light is diminished, 
and the objects are seen less distinctly, in consequence of the 
aperture made in the middle of the object speculum. 

As the owners of telescopes may perhaps wish to be able 
to estimate their magnifying power, and the extent of their 
field of vision, it may be worth while to give the following 
method as described by Dr. August : — 

The niagnifying powers may be estimated pretty nearly 
by looking at the same object with one eye through the 
telescope and with the other naked, and comparing the 
apparent magnitudes of the two images. This measure- 
ment may be rendered still more exact if any kind of tele- 
scope, except a Galilean, be pointed towards a clear part of 
the sky, and a leaf of thin paper or transparent horn be held 
behind the last eye-glass, at the spot where the eye is ordi- 
narily placed ; a bright, strongly-defined luminous circle will 
be visible on the transparent plate, supposing it to be held 
at the right spot. Measure its diameter as accurately as 
possible, and then measure the width of the object-glass, 
using the same scale in each case, divide its diameter by that 
of the luminous spot, and the quotient will give the magni- 
fying power of the telescope. 

The luminous circle is, in fiict, an image of the object- 
glass itself, whence it may be proved that it is contained in 
the diameter of the object-glass as many times as are equal 
to the magnifying power of the telescope. The object-glass 
may be taken out, and a rim, or annulus, having exactly the 
same opening as will be equal to the circle of light, put in 
its place ; the quantity of light will be increased, and the 
images of objects rendered more distinct by this alteration. -~ 
Ramsden contrived a little instrument, to which he gave the 
name of Dynamometer, for measuring the powers of telescopes. 
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The fidd of a telescope may be estimated by comparing 
its diameter with the apparent diameter of some object 
▼iewed through the telescope. In the choice of an object, 
one should be selected whose apparent diameter is already 
known to us ; that of the sun or moon will answer the pur- 
pose well ; they are both equal, or yery nearly so, the 
apparent difference amounting only to half a degree, or 
SO minutes. — Or, the field may be measured by directing 
the telescope to some star in or very near to the equator, 
care being taken that it shall pass over the middle of the 
field, and then count the number of seconds which elapse 
during its passage : four seconds of time will make an angle 
of one minute for the field of vision. 



XIL THE THERMAL, CHEMICAL, AND OTHER MON-OFTICAL EFFECTS 
OF LIGHT. 

§ 358. 

All the phenomena of light which we have hitherto noticed are 
of a purely optical nature, i, e. they are such as act only on our 
organs of vision. Light, however, is an active agent in bringing 
about quite another class of phenomena ; it excites heat and ekc- 
tncUy J on most bodies it exerts a chemical influence, and displays 
a vivifying power in its operations on organic matter ; whether it 
possesses magnetic properties is a matter of doubt. 

As to the excitation of heat, it has not yet been proved that 
this property is possessed by all sources of light, though it is 
known that the sun's rays have it in a high degree : it appears to 
stand in a direct ratio to the intensity of the illumination and the 
absorptive power of the body. The heating powers of the 
differently coloured solar rays are extremely unequal, the greatest 
heat being found to exist near to, but slightly beyond, the red 
rays in tiie solar spectrum, their respective heating powers 
decreasing till we arrive at the violet, where this property ceases 
^ altogether. A more detailed explanation will be found in the 
Chapter on Heat. 

The chemical properties of light are shown in this, that the 
light of the sun, and, in an inferior degree, that of day when the 
sun is hid from our view, is a means of accelerating chemical 
combinations and decompositions. Thus, as we have already 
mentioned, the rays of light seem to carry with them both 
thermal and chemical rays ; the' maximum intensity of the 
iormer spectrum coinciding with the red rays, whilst the maxi- 
mum of the chemical spectrum is found in the violet light and a 
little beyond, its intensity diminishing gradually throughout the 
other colours till its effects entirely cease at the red. 
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Besides the'chromatic spectrum produced by the passage 
of light through a prism, the greatest intensity of which is 
found in the yellow, there exists a thermal spectrum whose 
maximum coincides nearly with the red, and a chemical 
spectrum having its maximum in the violet ; these last two 
spectra have their maximum and minimum points at oppo- 
site ends of the spectrum ; i. e, the greatest heating power 
resides where the chemical power is feeblest, and vice versa. 
This is represented graphically in Jig, 69, t the &int line 
being the curve of luminous, the dark line that of thermal, 
and the dotted line that of chemical intensity. 

According to the undulatory theory it would follow, that 
the aether acquires its greatest heating power when it vibrates 
least rapidly, and its greatest chemical power when its un- 
dulations become the most rapid. 
As far as experiment has hitherto shown, the chemical in- 
fluence of light is more often displayed in decomposing than in 
combining substances ; the nature of this influence we are not 
precisely acquainted with, but its existence is evident from the 
change light produces in the colours of bodies, generally render- 
ing them more pale after exposure to its action. 

These chemical rays penetrate both opaque and transparent 
bodies, but in different degrees, as the experiments of Biot and 
Malagut^ have satis&ctorily proved ; no definite relation has yet 
been detected as subsisting in the chemical constitution of the 
substances which allow the transmission of these rays. A re- 
markable distinction is observable in this respect between water 
and air, the former medium giving to the chemicaL rays a more 
free passage than the latter, and consequently retarding the che- 
mical influence. 

The chemical agency of light, which has been thus glanced 
at in general terms, is a subject which, if followed out in all 
its bearings, would require considerable research in deter- 
mining the amount of its influence on other physical agents. 
A few only of its best known effects can here be noticed. 

Chemical combinations brought about by the agency of 
light are to be found principally among the gases. Chlorine 
combines most readily in white light, and especially in that 
of the sun, with hydrogen, carburetted oxygen, and with 
organic substances, from which it generally withdraws their 
bydogen. 

Light is recognized as a powerful agent in effecting 
chemical decomposition,*'chiefly among the easily reducible 
oxides of the perfect metals (§72.), either with or without 
the presence of other agents, as formic acid, phosphorus, 
carbon, &c. The most general effect of this kind is the 
blackening of the salts of silver, which has, with great pro- 
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bftbility, been supposed to be a partial reduction. The 
decomposition of nitric acid through the agency of light has 
been long known ; this acid, when exposed to the b^mns of 
the sun, is soon resolved into oxygen and nitrous acid. 
Light brings about similar decompositions of several of the 
super«oxides. 

It has not yet been decided whether or no the loss of 
colour sustained by vegetable dyes through the action of 
light is owing to a species of oxidization : the bleaching 
of some kinds of wove goods is facilitated by exposure to 
light. 

The following experiments may serve to prove the 
chemical influence of light : — 

First ExpL Place a mixture of equal parts (by measure) 
of chlorine and hydrogen gas in a glass vessel, and no 
change will happen, if the vessel be kept in the dark, and at 
an ordinary temperature; but on exposing it to the day- 
light, the elements will slowly combine, and form hydro- 
chloric acid ; if the glass be set in the sun*s rays, the union 
will be accompanied with an instantaneous detonation. The 
report may also be produced by transmitting ordinary day- 
light through violet or blue glass on to the mixture. By 
interposing a red glass between the vessel and the light all 
combination of the elements is prevented. 

Second Expt, In an aqueous solution of chloride of gold 
place a stick of pure phosphorus so as just to touch the 
sur&ce of the liquid ; a piece of charcoal just extinguished 
may be used instead of the phosphorus; expose both the 
solid and the liquid to the action of the sun*s rays, and after 
some time the former will be regularly coated with the 
metal. 

Third Expt, Place in the sunshine a bottle, partly filled 
with concentrated nitric acid ; after some time the acid will 
become of a yellow colour, and the rest of the bottle will be 
filled with a yellowish orange vapour, which is nitrous 
acid. The same result is obtained, by exposing the bottle 
to the daylight, even without the shining of the sun ; or by 
causing only the blue rays to fall upon it. If the acid be 
kept in the dark, no change takes place in its composition ; 
nor is it altered, if only the red rays be permitted to fall 
upon it. 

Fourth Expt The green tincture obtained by extract of 
the green parts of vegetable substances, as the leaves of 
cherry and elder, with spirit of wine, on exposure to the 
light loses its colour. 

The yellow powder of gum guaiacum, or paper stained with 
a tincture of this gum, obtained by dissolving it in alchohol. 
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acquires a green colour, if exposed to either white or blue 
light ; but no change follows, if the red rays of the spectrum 
ftll upon it. Wollaston says that red light will restore the 
paper to its original yellow, after the other colours had 
converted it into green. 

Fifth Expt, White chloride of silver, drawn in a moist 
state over paper, becomes at first violet, and afterwards black, 
on exposure to the light ; this change in colour happens 
more rapidly, and is deeper, according to the intensity of the 
light. A similar result follows, on exposing the chloride of 
silver itself to the light. Fasten a piece of paper, prepared 
in the manner described above, with chloride of silver, be- 
hind a semi-transparent picture, on a plate of porcelain ; 
hold the plate to the sun's rays, and according to the inten- 
sity of the light, and the length of time the picture is exposed, 
an image, more or less distinct, will be produced on the 
paper, the shading of which will be exactly the converse of 
the original. 

These chemical effects of light have recently been made 
use of to render permanent the images obtained by means of 
convex lenses ; the art of thus fixing them is termed PhaUh' 
graphy or Hdiography, The mode in which the process is 
performed is essentitdly as follows ; minor details must of 
necessity be passed over: — The picture, formed by a very 
good camera obscura, is received on a plate, whose surface 
has been prepared so as to render it as susceptible as possible 
of the chemical influence of light. After the lapse of a 
longer or shorter time, the light will have so acted on the 
plate, that the various objects whose images were projected 
upon it will appear, with all their various gradations of light 
and shade, most exactly depicted in black and white, no 
colour being present. The plate is then subjected to certain 
manipulations, by which the picture is indelibly set. 

The essential point in Daguerre's method was the dis- 
covery that iodide of silver is extremely sensitive to the 
chemical action of light ; that it is capable of ibrming an 
amalgam with the vapour of mercury ; and that when a 
plate has been thus prepared, the images formed ou it by 
the action of light will continue for a length of time^ The 
advances made in this department of practical science since 
1839, the date of Daguerre's original discovery, consist, 
principally, in imparting to the silver plate a still higher 
degree of sensibility, by the application of chloride of iodine, 
chloride of bromium, and bromide of iodine. To such per- 
fection has the art been carried that, according to the inten- 
sity of the light, one, or a few seconds at most, suffice to fix 
the images. Daguerre's subsequent discovery is very interest- 
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ing — that a maximum sensibility is attained by isolating and 
electrifying the plate ; si^h, indeed, that one-tenth of a second 
is now a sufficient time to obtain the requisite luminous 
impression for the formation of the picture. Besides thus 
increasing the delicacy of the plate, Edmund Becqu^rel has 
discovered that the passing of the plate over the fumes of 
mercury is not necessary ; but that the permanency of the 
picture may be secured as effectually, by submitting it to the 
secondary action of red, orange, yellow, and green light, 
after the primitive chemical excitation by the white light 

Universal experience proves that light is a principal source 

of all organic life ; its influence is shown in the tendency of 

all plants to direct their branches, leaves, and buds to that 

quarter from which they derive the greatest flood of light. 

Their varied colours are mainly owing to the action of light 

upon their leaves. Vegetables grown in dark places are 

either white, or of a palish yellow. The sunny side of fruits 

is of a richer tinge than the shady side. Light is not less 

influential in its bearings on animal life; the hue of the 

human skin is in great measure attributable to the action of 

the sun; and men whose daily employment keeps them 

much within doors are pale and more or less sickly, in 

consequence of such confinement. 

Lastly, with regard to the electrical and magnetic influence of 

light, as &r, at least, as modem research has yet carried us, they 

are extremely feeble ; and, indeed, it is a matter of doubt whether 

these influences are not altogether of a secondary nature. These 

alleged discoveries will be referred to more at length in those 

parts of this work which treat of electricity and magnetism. 



SECTION II. 

HEAT. 



J^*"-'" 

h- 



I. THX EFFECTS OF HEAT IM OEMXRAL. SENSIBLE^>^k4 QAXf n4 

HEAT. >^- ^ 

§359. 

The feeling of touch is capable of being peculiarly excited by 
to, as our sense of hearing is excited by sound, and our organs 
of vision are afiected by light. Heat is an agent which performs 
a distinguished part in the animal and vegetable kingdoms ; for, 
^thout its presence, no oi^nized body could exist : when it is 
withdrawn, the once living form becomes rigid and dead. 
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Its effects are not less important when proceed in inanimate 
matter, for it is heat which bringi about emkget in the volttme 
and in the aggrtgaUform of bodies; by it also many substances 
are rendered luminous ; by it their electrical and magnetic con- 
dition is influenced ; and, lastly, by it the chemical action of 
bodies on one another is greatly affected. 

In consequence of the influence which heat exerts on all 
organic life, man himself may be r^arded as, to a certain 
degree its slave ; viewedfrom another point, he is the master 
of this powerful agent, controlling and directing its qpera- 
tions on other bodies at his bidding. The use made by man 
of this power, in supplying his natural and artificial wants, 
is so varied and important, that if deprived of these resources, 
be would become as helpless as the beasts of the field. These 
considerations may well incite a desire to become better 
acquainted with the nature of this important agent, and 
with its mode of operation. 



§ 360. 

Heat, like gravity, is a universal force ; it moves according to 
its own peculiar laws, and when certain conditions are fulfilled, 
it is in a state of equilibrium. Heat is said to be free, or seiuibiU, 
when it displays a tendency to establish equilibrium, by equally 
diffusing itself in all surrounding bodies ; hence it is in incessant 
motion, passing from one to another. The quantity of it present 
at any moment in a particular body is said to be the tempercchire 
of that body. When its movement ceases, and it is in a temporary 
state of repose, intimately uniting itself with the atoms of matter, 
and not causing any change of aggregation, nor apparently tend- 
ing to do so, we then say that it is latent, 

§361. 

By the term heat we sometimes mean both the cause and the 
effect ; the former, however, is more accurately expressed by the 
word ccUoriCf heat serving to mark the science which treats of 
the properties, effects, and laws of caloric. 

Heat expresses an increase, as cold does a diminution in the 
sensation of warmth ; heat and cold are therefore positive and 
negative magnitudes, resembling in this respect light and dark- 
ness. Both sensations are merely relative, the feeling of heat 
arising when more caloric is received by our bodies than is 
required in a normal state of vitality. The feeling of cold is 
excited when a portion of the requisite warmth is abstracted. 
Probably, these opposite sensations are merely the results of a 
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change in the volume of our organs ; that is to say, heat is the 
seucUioH caused by the expansion^ and cold the sensation caused 
by the contraction of the parts of our bodies. 



§362. 

We are as imperfectly informed as to the nature of heat, as we 
are with regard to the nature of Hght. We know that it exists 
only by its effects : but to explain these, we are obliged to have 
recourse to tlieory. The principal hypotheses will be briefly 
noticed here ; but at the conclusion of this section, they will be 
treated of at greater length. 

According to the more aticient theory, it was regarded as an 
imponderable material suhstance, which, being combined with 
bodies, under various modifications, produced all the phenomena 
of heat. Other philosophers considered heat to be merely modi- 
fied light, assuming that an identity subsisted between the two. 
The opinion most generally received, in modern times, is that 
the phenomena of heat, like those of light, are best explained, by 
attributing them to the undulations of an aether, whose existence 
we assume, ^he velocity with which the fluid moves being less 
when it produces heat than when it generates light. 



n. CHANGE IN THE VOLUME OF BODIES CAUSED BY HEAT. 

§ 363. 

Experience teaches us that heat increases the volume of a body. 
When the sensible caloric in a body 'is increased, or its tempera- 
ture is raised, then the body dilates ; but when the temperature 
is lowered, its volume is diminished. Both these effects admit 
of being measured; the dilatation and contraction are equal in all 
directions, a small number of crystals only excepted. 

This effect of heat has been explained on the supposition 
that the increase of caloric between the atoms of any body 
causes them to recede, and that the decrease of the caloric 
allows them to approach other. According to La Place, 
heat is itself the repulsive force that, residing in the atoms 
of which a body consists, drives them asunder when it 
becomes increased ; and when this force is diminished, the 
power of attraction draws them together According to 
Ampere's theory, the changes in a body's volume are owing 
to the different intensity of the oscillations performed by the 
zether, which he supposes to exist between the atoms com- 
posing it. 

tOL. II. L 
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First Expt. Change in the volume of solids. — An iron 
or brass ball, which just goes through a ring, will lie upon 
it, if heat be applied to it. If left in this position, the ball 
will, on cooling, fall through the ring. In firing red-hot 
shot the expansion of the metal has to be considereid. 

Second Expt. Change in the volume qfjiuids. — Fill a ^ass 
tube partially with quicksilver, alcohol, or water; apply 
heat, and the liquid will gradually fill the whole, or the 
larger part of the tube. To show this still better ; let the 
closed end of the tube be enlarged into the form of a globe. 
On the cooling of the fluid it gradually contracts, and 
descends the tube. 

Third Expt. Change in the volume of gaseous bodies, ^~ A 
bladder partly $lled with air, becomes quite tense if held 
near a good fire . allow the air to become cool again and the 
bladder will once more be flaccid, as at first. 

Procure a glass tube, about 2 feet in length, having a bulb 
at one end, the bore being about a line in diameter ; intro- 
duce a drop of some coloured liquid in such a manner, that 
it shall stand nearly in the middle of the tube, and thus part 
the air in the bulb and the one end of the tube from the 
external air which fills the other end. Heat the bulb, and* 
the air within will dilate, and drive forward the drop of 
liquid along the tube. Plunge the bulb into cold water, and 
the air will instantly contract, as the little drop of liquid, 
which acts as an index, will show. 

If a bulb, or retort, such as we have just described, be 
fitted up wiih a tube bent downwards, we can cut off all 
communication between the external air and that within the 
bulb by immersing the extremity of the tube in a vessel of 
water. Heat the bulb by placing a spirit-lamp beneath it, 
and the expansion of the air will be made apparent by the 
ascent of small bubbles through the water. Remove the 
lamp, and the air on cooling will resume its original dimen- 
sions ; the pressure of the atmosphere will iTorce into the 
bulb a quantity of water equal in volume to the air which 
escaped. — By adopting such an arrangement as the above, 
vessels with narrow apei-tures may be filled with little 
difficulty. ^ 

The exceptions to this law in the contraction of damp 
clay or wood on the application of heat aie apparent only 
and not real, for these substances contain a large quantity 
of water whiah is converted into steam, and is disengaged 
from the solid body ; baked clay and thoroughly dry wood 
will be found to dilate when their temperature is raised in 
the same manner as other bodies. — Many molten liquids at 
the very point when they begin to solidify expand more or 
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less: iron, bismuth, sulphur and water are remarkable 
instances of this peculiarity, which seems to result from the 
bodies assuming a crystalline structure. (§ 88.) 



A. Thermometry^ and the Instmmentt for Meaiuring Free Caloric. 

§364. 

Our sense of feeling enables us to judge relatively as to the 
temperature of any body, but it cannot inform us of the quantity 
of sensible heat the body may contain. We however possess the 
means of estimating this if we observe the change in volume 
consequent on the application of different degrees of heat to 
bodies. Substances to be available for this purpose must possess, 
either absolutely or within certain limits, the property of varying 
m bulk proportionally to the quantity of heat which acts upon 
them. 

Instruments contrived to measure the free caloric at no very 
high temperatures are called thermometer» ; such as are made to 
shonr high degrees of heat are termed pyrometer» ; and in both 
cases the bodies whose change of volume serves as an index are 
called thermoscopic substances. The liquids generally employed 
are mercury and spirit-of-wine ; but for many purposes we 
use, instead of these, the atmospheric air and metals. The 
thermometer derives its name from the thermoscopic substance 
employed ; thus, a mercurial thermometer, a spirit-of-wine ther- 
mometer, &c. 



§365. 

The principal matter in these instruments is the choice of the 
thermoscopic substance, the determining of two fixed normal 
pomts, by which the length of the scale will be regulated, and 
the system of graduation to be adopted. 

The thermometers in most general use are the mercurial and 
the spirit of-wine thermometers : they consist of a cylindrical 
capillary glass tube, whose bore must be equal throughout its 
entire length : a bulb is blown at one end of the tube ; this bulb 
and a small part of the tube are filled with quicksilver or with 
coloured spirit-of-wine, and the open end of the tube is herme- 
tically sealed. 

Use of the bulb.— It is important that the bore should be 
equal throughout, that the mercury be pure, and the vacuum 
in the tube perfect 

L 2 



Digitized by CaOOQ IC 



148 TWO FIUD FOlMTt OF THE THIEHOMRXK. 



§366. 

Since we are not acquainted with the limits within which the 
agency of heat is confined, ». e. we do not know either the 
maximum temperature or the temperature of the absolute zero, 
we are obliged to select two normal points by which to determine 
the extent of our scale. These temperatures must be constant 
in the bodies by which they are measured ; they must also be 
stable for some length of time ; and, lastly, they must be such as 
can be readily found at any time and in any place. Hie 
temperature of melting snow or ice determines the position of 
one of these fixed points and that of pure boiling water gives the 
other. The former of these is called the freezing point and the 
latter the boiling point. The space between is the fundamental 
distance^ or length of the scale. The length of the degrees will 
depend on the system of graduation adopted : the degrees are 
marked sometimes on the tube itself, but wher6 extreme accuracy 
is not required, they are cut on a plate of glass, metal, ivory, or 
wood, to which the tube is listened. 

To find the freezing point, the thermometer is placed 
horizontally in a vessel of pure melting snow or ice : the 
thermoscopic fluid in .the tube contracts, until after a short 
time it takes up a settled position, to which it will invariably 
return as often as the tube is taken out of the melting ice 
and again put into it, wherever and whenever it may be 
done ; a proof this that the temperature of melting snow 
and ice is constant. — It has been noticed that if the 
freezing point l)e marked soon after it has been thus found, 
on plunging the instrument after the lapse of several 
months into melting ice the fluid will become stationary in 
the tube from \ a degree to 2 degrees above the original 
freezing point. It is supposed that this is owing to a contrac- 
tion of the bulb, which is gradually brought about by the 
continued pressure of the atmosphere. — To secure a thermo- 
meter from this source of inaccuracy, it is suflficient to 
postpone for twelve months the marking of the freezing 
point, by which time the adjustment of the bulb will te 
completed. — The boiling point is found by laying the 
thermometer in distilled boiling water, when the fluid will 
dilate until it reaches a certain expansion, where it becomes 
stationary. Now, as the temperature of heated water 
decreases with the depth below the surface, and as the 
whole thermometer ought to be exposed to an equal degree of 
heat, it follows that the boiling point will be most accurately 
determined by placing the instrument horizontally in the 
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stetm just above the surfece of the water. * Again ; 
the temperature at which water boils varies according to the 
pressure of the atmosphere, or altitude of the barometer, 
a fact of which we shall speak more at length presently, and 
of which an experimental proof has been given already in 
§ 196., where the iirst experiment was to boil lukewarm 
water under an exhausted receiver. Hence it is evident 
why we must always have regard to the height of the 
barometer in determining the boiling point : consequently, it 
is found either when the barometer is at a mean altitude 
(in Germany 28 Paris inches; in France 0*76m. ; in England 
30, or more exactly 29*8, English inches, § 193.) ; or else a 
correction is made if the barometer stands at any other 
height. Egen found from careful experiment, that the 
correction for every tenth of an inch which the barometer is 
above or below this mean height is -nj^o^^ V^^ of the interval 
between the boiling and freezing points. AVhen, therefore, the 
altitude of the barometer exceeds 29*8 English inches, we 
must add this quantity to the standard; and when the 
altitude is less than 29*8 inches, we must deduct it. 

Any person may easily satisfy himself of the stability of 
these normal temperatures by immersing a good thermo- 
meter in melting snow and boiling water. 

Lastly ; when rigid accuracy is required, we must note the 
influence which a change of temperature exerts on the 
length of the scale itself; for this reason glass scales are 
superior to all others, that substance being but slightly 
affected by variations in temperature. 



§367. 

No one scale has yet been universally adopted ; those most 
generally used are the centigrade, R^umur's, and Fahrenheit's. 
In the first, invented by Celsius, the space between the freezing 
sod boiling points is divided into 100° ; in the second, adopted 
by lUaumur and De Luc, the same interval is nmrked off into 
80^^, the numeration beginning in each of these thermometers at 
thefireeang point, which is marked 0°; in Fahrenheit's, the zero 
is placed 32° below the freezmg point, and the boiling point at 
212°, the space between these normal temperatures being divided 
into 180°. 

In the centigrade and octogesimal scales the degrees above zero 
are called degrees of heat, and those below that point are termed 
degrtet of cold f but as the position of the zero point is alto- 
gether arbitrary, it is more consistent to distinguish them merely 
by the signs+and — . 
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From what has been just stated it is plain, that we must not 
only mention the degree but also the scale by which we 
measure the temperature of any body. The degrees of one 
scale may very easily be converted into those of either of 
the others, their proportions being most simply expressed by 
the following numbers : -— 

R : c : F=8o: loo: 180+32 

= 4 : 5 : 9 + 32 
or R=|C = J(F-32) 

C=JR«j(F-32) 
F=JR + 32=JC + S2. 

Mercurial thermometers possess the following advantages 
over those in which any other thermoscopic fluid is used : 
they are capable of measuring much higher and lower 
temperatures, since they are available within the limits at 
which mercury freezes and boils, that is, from — 40° to 600® 
Fahr. Towards either limit of the scale the results are by 
no means satisfactory, on account of the irr^;ular. contraction 
and expansion of the metal at very high or very low 
temperatures. They are also more susceptible of slight 
variations in temperature than thermometers filled with other 
fluids ; that is to say, quicksilver is more readily affected by 
any change, and its delicacy is not impaired by length of 
time. Their great superiority is this, that, within the range 
of ordinary temperatures, t.c. between 13° and 212° Fahr., 
the expansion and contraction of the mercury is exactly 
proportional to the increments and decrements of the heat. 

Spirit-of-wine thermometers are indispensable if we de- 
sire to estimate extreme degrees of cold at or near which 
quicksilver would freeze. These instruments are not available 
at a heat exceeding 167° Fahr., as the spirit would begin to 
boil above that temperature. Besides, spirit dilates at a rate 
not proportional to the increase of heat, but expands more 
and more with each successive rise in the temperature; 
consequently, equal degrees on the scale will not represent 
equal increments in the temperature, as they do in the 
mercurial thermometer ; the correct adjustment of a scale 
with gradually increasing degrees is a matter of some 
diflSculty. 

llie first spirit-of-wine thermometers were made by the 
members of the academy of Florence, towards the middle of 
the nth century. The great defect of these instruments was, 
that they had no fixed point ; the temperature of a deep pit 
was assumed as their zero, and they were graduated at 
pleasure above and below this arbitrary point. Renaldini 
first adopted the fixed points of boiling and freezing water. 
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dividing tbe intermediate space into an arbitrary number of 
degrees. Reaumur retained the use of spirit-of-wine, and 
finding that its expansion between these two points equalled 
008 of its volume, he divided the scale into eighty equal parts, 
on the supposition that the expansion of the spirit would 
be proportional to the increase of the temperature. De 
Luc discovered and corrected this error, and substituted 
mercury for the spirit-of-wine, though he still retained his 
predecessor's system of graduation : notwithstanding this 
important alteration, the thermometer still retained the name 
of R^umur. The Swedish philosopher Celsius divided 
the scale into 100 equal parts. His system of graduation is 
commonly adopted in Sweden and France, and in Germany 
it is rapidly supplanting R^umur's. — Throughout England, 
Holland, and North America, tbe Danish philosopher 
Fahrenheit's scale is in use. 



§368. 

Thermometers furnished with an apparatus for marking the 
highest and lowest points within which they have ranged during 
a certain time, and which show the temperature to which they 
have been elevated or depressed even after they have for a consi- 
derable time been exposed to a different one, are called 9df» 
rtgistering thermometer». The best known are Six's and Ruther- 
ford's. They both show the maximum and minimum tempera- 
tures by means of a small index, which is easily moved up and 
down by the mercury and spirit, and which is made to remain 
behind when the fluids recede on having attained their highest 
elevation and their greatest depression. 



§369. 

The atmospheric air is employed as the thermoscopic fluid in 
the air thermometer. It possesses this important property, that 
it retains its form of aggregation under the most extreme degrees 
of heat and cold that have yet been observed. Its change of 
vdume, too, is very n^rly proportional to the increase and de- 
crease of the heat For these reasons it is the very best thermo- 
scopic substance that can be used. As, however, the changes in 
the volume of air are not visible to the eye^ as those of mercury 
and spirit-of-wine are^ we are obliged to enclose a column of 
air in the thermometer tube by means of a second column of 
quicksilver, spirit-of-wine, or some other fluid, in order that the 
dilatation and contraction of the air may be rendered perceptible 
by the movements of the other fluid. Now, as such a column of 
L 4 
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Fig. 102. 



air will expand and contract, not merely in obedience to the ac- 
tion of heat, but will be also aflected by the variations in the 
atmospheric pressure, it is clear that its indications will be the 
result of a complex force. Besides allowing for the variable alti- 
tude of the barometer, we must note the pressure of the column of 
mercury, or other fluid that may be used. For these reasons the 
air thermometer is ill-suited for ordinary purposes, though for 
scientific uses it is valuable on account of its extreme delicacy, 
as also because the variations in temperature are imparted so 
readily to the air ; and, lastly, because the variations in the 
volume of aeriform bodies exceed those which obtain in solids and 
liquids. By virtue of the first of these properties^ air is ^e only 
accurate measurer of the exact degree of heat at every possible 
temperature. 

The air thermometer is the oldest instrument that has 
been invented to measure the changes of temperature. It 
was first made about the middle of the 1 7th century, by a 
Dutch countryman, named Cornelius Drebbel ; or, as others 
say, by the physician Sanctorius. 

DrebbeCi air thermometer (Jig, 1 02.) consisted of a common 
glass tube, at the end of which a bulb h was 
blown ; the open end of the tube was immersed in 
some coloured fluid which mounted part of the 
way up, as to (2. If the temperature rose, the 
portion of air enclosed between h and d expanded, 
and forced downwards the fluid below the leveled; 
conversely, if the temperature were lowered, the 
air would contract, and the ascent of the fluid 
above d would follow. This instrument was ex- 
tremely incomplete, having no fixed point, the 
graduation of it l>eing altogether arbitrary, and 
the elevation of the fluid being in part dependent 
on the pressure of the atmosphere. 

Amonton*i air thermometer^ which was an im- 
provement on the original form, made about the 
commencement of the 1 8th century, consisted of a tube, like 
a common barometer tube (fig.lOS,), but having a close bulb 
and an open end. This bulb was btdf filled with mercury, 
and so was a portion of the tube. The heat was therefore 
measured by the expansive force of that portion of air 
which was contained in the bulb. The expansive force 
Itself was to be estimated by the difference between the 
levels a and 6, and by the altitude of the barometer at the 
time of observation. To obtain results approximating to 
the truth, we ftiust farther take into consideration the 
expansion of the mercury; 
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We have already remarked, that the variations 
Fiff, 103, in the volume of air are very nearly proportional 
to the increase or decrease in the quantity of 
heat For this reason air thermometers are 
particularly useful in comparing the rate at 
M'hich other thermoscopic suhstances dilate. 
They are used principally to correct mercurial 
thermometers and show their deviations when 
checked, by comparing their results with those 
given by such a normal thermometer. Dulong 
and Petit carefully compared the mercurial and 
air thermometers, and constructed tabl^ of 
their differences, from which it would appear, 
that from —20° to — 34° Fahr., the deviation of 
the mercurial thermometer from the air thermometer does 
not amount to more than ^th of a degree at a maximum, 
that from — 13° to 212° the two thermometers agree, from 
which point the deviation, at first very small, increases 
with the temperature till it amounts to 18°, at the point 
where mercury boils. 

• The following formulae will enable us to reduce the de- 
grees of a mercurial thermometer for temperatures above 
the boiling point, to the actual degree or degrees as shown 
by an air thermometer. Let tf be the degrees, as shown by 
the mercurial thermometer, and t those shown by the air 
thermometer ; then, for the centigrade scale, 

t^f ^\[009 (Z'- 100) + O00028 (t' - 100)*] ; 

for Reaumur*s, 

t=f-\ [0-09 (*'-80) + O-00035 (*' - 80)«] ; 

and for Fahrenheit's, 

letV' = <'-32, 

*-32 = ^' - 1 [0-09 (<"- 180) + 0-000156 (<"- 180)«]. 



§ 370. 

The differential thermometer is an air thermometer of peculiar 
construction. It consists of two portions of air enclosed in two 
glass balls, connected by a common glass tube with a fine bore ; 
a column of some fluid (either coloured spirit-of-wine, or sul- 
phuric acid) is introduced, so as to keep these portions of air 
diatinct If heat be applied to one ball, the air in it expands, 
and forces the fluid along the tube towards the other ball ; if 
Its temperature be lowered, the converse happens. 
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This thermometer can, it is plain, show only the difference in 
the expansion or contraction of the air enclosed in one of these 
bulbs, and hence its name. If both bulbs be exposed to equal 
degrees of heat or cold, as happens when the instrument is placed 
freely in atmospheric air, no motion will be observable in the 
column of fluid. 

On account of its extreme delicacy, this thermometer is very 
serriceable in indicating small local differences in temperature. 
Rumford's and Leslie's are the two forms of this instrument most 
generally known. 

Rumford's differential thermometer is represented in^. 104. 
a a are the two glass bulbs, containing each a portion of at- 
mospheric air, separated by a small quantity of coloured 

Fig. 104. ^ 




Fiff, 105. 



spirit or sulphuric acid at 0, from which point the scale is 
graduated right and left, either arbitrarily, or according to 
one or other of the three systems in general use. 

Fig. 105. shows the construction of Leslie* t differential 
thermometer, a a, as before, are the two bulbs containing 
atmospheric air; but the lower one is partly filled with 
coloured fluid, which also rises in the glass 
tube to the zero point 0. The degrees run 
both ways, up and down, as in Rumford*s 
thermometer. 

Professor Schmidt has constructed a simi- 
lar apparatus, but much more sensitive than 
either of those already noticed ; he states that 
it is capable of measuring differences in tem- 
perature of j^ of a degree of R^umur*s 
scale, equal to ^ of a degree of Fahren- 
heit's. 

( For a further description of this instrument, 
the reader is referred to Gehler's Phys. 
Worterbuch, ii. 535., ix. 994. ; or to Schmidt's 
Handb. d. NaturL 1826, p. S95.} 
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§371. 

Solid bodies also, especially metals, are sometimes used as ther- 
moscopic substances, but these thermometers have not been 
so generally adopted as others in which a fluid is employed. 
A strip of metal in these instruqients, by its contraction and dila- 
tation, is made to set in motion a lever of unequal arms, the 
longer arm acting as an index to point to the degrees on the 
scale. The thermometers made on this principle by Breguet 
of Paris and Holzmann of Vienna have externally the shape of 
watches. 

. § 372, 

Instruments, called pyrometerst are used to measure high de- 
grees of temperature, such as those in furnaces and smel ting- 
houses, as thermometers of the ordinary construction would be 
destroyed if subjected to the action of such intense heat. The 
best known and most generally used is Wedgwood's : it measures 
the degrees of heat in the fire or furnace to which it is exposed 
by the contraction of a cylindrical piece of fine porcelain clay, 
whose dimensions are measured by observing how far it will de- 
scend between two plates of metal placed close together, and in- 
clined at an angl^ of 0*5'' at one end, and at an angle of 0*3'' at 
the other. The cylinder should be of such a size as just to pass 
the wider aperture of the planes where the graduation begins when 
of a deep red beat. On exposure to a higher temperature, 
the clay will contract still more ; and on being placed between the 
coBverging plates it will show, according to Wedgwood's scale, the 
degree of heat to which it has been subjected. Wedgwood 
placed the zero point of his scale at 1077*5^ Fahr., and estimated 
each degree of it to be equivalent to 130^ of Fahrenheit's. 
Guy ton Morveau called in question the accuracy of this estimate, 
and firom his investigations supposed 0^ of Wedgwood's scale to 
correspond with 512^ Fahr. nearly, and each degree he made to 
be equal to only a little more than 60^ Fahr. Tlie objections to 
this pyrometer are, that the clay is not always exactly the same 
in its composition, and that, if subjected for a longer tiiiie to a 
lower heat, an equal contraction ensues to that which would 
have happened had it been exposed for a short time to a high 
temperature. 

Pyrometers of more modern construction act chiefly in con- 
sequence of the expansion of platina, a metal capable of re- 
sisting the greatest heat of any furnace to which it has yet been 
exposed without melting. Petersen's is remarkaUe for its ex- 
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treme delicacy. This instrument measures differences in 
temperature ranging from + 20® to + 2000® of the centigrade 
scale, equal to from 68® to 3632® of Fahrenheit's; and the 
scale furnished with a nonius shows the variations for every 
2® C. ; its vusceptibility is such, that it shows the differenca 
between the temperitture of two rooms in from two to five 
minutes of time. 

It b worthy of remark, that no pyrometer yet constructed fully 
satisfies every requirement, as there exists a discrepancy in their 
results ; besides that, we are not sure, with regard to all of them, 
that their measurements are really proportional to the quantity of 
sensible caloric. 

When bodies are raised to very high temperatures, we distin- 
guish them by the intensity of the light which the heated sub- 
stance gives out : thus, a dull red heat (1480® F.), bright red heat 
(1830®), and white heat (2370®— 2910®). 



B. Difference in the Change of Volvme of Subttanees, mccording to 
their Form of Aggregation, 

§373. 

An equal increase or decrease of heat does not cause an equal 
change of volume in all bodies. It has been found experimentally, 
that the action of heat excites the smallest alteration in solids, a 
greater in liquids, and in gaseous bodies an alteration greater than 
in either of the other classes of substances. Hence it follows, 
generally speaking, that the change in volume induced by heat 
will be greater or less according to the greater or less density of 
9Xky body. Viewed thus, we may consider heat and cohesion as 
antagonist forces ; the one representing the repulsive, and the 
other the attractive force in a body. 

§ 374. 

The cohesive force of solid bodies diminishes with their ex- 
pansion by heat ; and the more powerful the operation of the 
latter agent, the greater the diminution in the cohesive force. 
As solids exhibit the strongest cohesion, they oppose the chief 
resistance to dilatation by heat; and, as we should naturally 
expect, their increase in volume, consequent on an elevation in 
their temperature, is less than that of bodies undei^another form 
of aggregation. 

Solids dilate pretty regularly, at temperatures between the 
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fireezing and boiling points of water ; t. e, between 32^ and 
212° F. ; consequently, equal increments of heat correspond with 
equal increments of volume. At the higher temperatures, the 
expansion proceeds at a greater rate than Uie successive additions 
of beat. 

The degree of expansibility varies in different substances. The 
metals possess thi^ property in the highest degree ; but even among 
them there are great differences ; in most, however, the change 
in volume corresponds pretty nearly with their respective readi- 
ness to fuse. Earthy substances, as stones and glass, vary less in 
bulk ; and hard dry bodies of the organic kingdoms, such as dry 
wood, bones, and the like, still less. 

Bodies having a uniform internal structure dilate and contract 
equally in all directions ; many species of crystals, however, form 
striking exceptioas to this general rule. 

Mitscherlich says, that the expansion of all crystals with 
unequal axes is not equal in every direction ; but that they 
invariably dilate less in the direction of their longer, than in 
that of their shorter, axis. 
It is further to be observed, that the linear dilatation of solid 
bodies is determined by means of pyrometric experiments, and 
that the attainment of correct results is attended with considerable 
difficulty. On account of the minute expansion of these sub- 
stances, we may assume their superficial expansion as double, and 
their cubical expansion as triple, their linear. 

Table X. contains the linear expansion of the more common 
solid bodies, when raise^ from the freezing to the boiling point, 
the length at the former point being called unity. To tind the 
linear expansion for 1° F. take the jj^th part of the value given 
in the table. If the centigrade, or Reaumur's, scale be adopted, 
divide the same value by 100, or by 80, respectively. The con- 
traction for every degree below the freezing point is to be reckoned 
equal to the expansion for every degree above it. ' 



§375. 

The minute changes in volume which heat causes in metals 
and other solid bodies are not regarded at the ordinary variations 
in temperature that happen in every day life ; its influence can- 
not, however, be disregarded in bodies which ought to be of some 
definite size ; as, for instance, standards of length or capacity (1), 
moulds for cannon and other foundry work, pendulums intended 
to measure time with great accuracy. (2) Tiie influence of 
heat on solid bodies has to be considered practically, in many in- 
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stances, on account of the irresistible force with which they expand 
and contract ; and this force must be noticed especially, when 
several different substances are combined in one piece of me- 
chanism. (3) 



Table X. 

Ofihe Longitudtnal Expansion of different Solid Bodies caused by 
raising diem from a Temperature of 32^ to one of2\^ Fahr. 





Length at 21S0, 


Indexofthe 




Subftancef. 


length at 320 


Expansion; 


By whom observed. 




being »1. 


at3120. 




Earthenware, 








brown English - 


1-00012000 


^ 


Destigny. 


Fir - - - 


1 -00035200 


sbVt 


Struve. 


Glass, a mean - 


1 00089694 


Th, 


Lavoisier and La- 
place. 


Platinum - 


1-00098390 


lir. 


Dulong and Petit 


Steel, soft - 


1-00107956 


As 


Lavoisier. 


Cast Iron - 


1 001 10940 


SOT 


Roy. 


Bar Iron - 


1-00115600 


• bJs 


BordaandTralles. 


Ditto - 


1-00126660 


ih 


Dulong and Petit 


Steel, hardened - 


1-00136900 


730 


Lavoisier. 


Gold - 


1-00146606 


S8f 






Bronze 


1-00181667 


3I0 


Smeaton. 


Copper, hammered 


1-00184110 


33 
333 


Dulong and Petit 


Brass, cast - 


1-00186671 


Lavoisier. 


Brass Wu-e 

Silver 

Tin - - - 

Lead - - . 

Zinc, cast - 


1-00187821 
1-00190974 
1-00217298 
1 -00284836 
1<X)294167 


3J5 
3!^ 
I 5 










35T 
3i9 


Smeaton. 


Zinc, hammered - 


1-00310833 


sis 







A standard measure gives the required length correctly, 
only at one particular temperature. If the temperature 
exceed this normal temperature the dimensions of the rod 
will be too great ; if it be less, then the dimensions will be 
too small ; and this, variation depends, not merely on the 
degree of heat to which the standard is subjected, but also to 
the material of which it is made.. Standards of wood or 
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glass vary but little at ordinary temperatures ; hence the 
utility of employing thermometer scales of one or other of 
these substances in preference to those made of metal. In a 
metal scale one foot in length, corrections for temperature 
are indispensable to secure accurate results. Let / be the 
length at temperature ty and \ the correct length of the 
standard at the normal temperature r ; and let 1 + m be the 
coefficient of the expansion of its material at the boiling point 
of water ; then, from the formula * 



X 
and for Fahrenheit's scale 



I, Ay for t 



we shall obtain the true length, A, for the centigrade scale, 
with sufficient exactness, 



-'[■-'^^j- 



Hence we see why, in accurate barometric measurements, 
we are obliged to make a correction for the scale of the 
barometer, according to the temperature at the time of 
making the obser^iation. 

So, also, it is easily perceived why the moulds for all sorts 
of cast-iron work should be rather larger than the article 
itself is wished to be. 

2.) If a pendulum is intended to serve as an exact 
measurer of^ time, we must contrive that its length shall be 
altered as little as possible through variations in tem- 
perature. (§ 103. 1.) Consequently, it is advisable to select 
for the rod of the pendulum some substance that is but 
slightly affected by heat, and to place the instrument in 
such a situation, that it may be subjected to as little 
change as possible; deal, well seasoned and then soaked 
in oil and baked, will be found a very good material. 
The best pendulums, called compensation pendtdums, are 
made of different substances, so combined that the effects 
of heat counteract each other, and the length of the rod 
remains unaltered. 

The commonest compensation pendulum is Harriton'* 
gridiron pendulum. It is represented in its most simple 
form, Jig, 106. The proper rod C P is of iron; so, also. 
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are the bars A B and D £ ; but the inner 

Fig* 106. ones, F G and K L, are of zinc. No\r, as 

both these, metals will 4>e affected simulta- 

\7 neously by a change of temperature, so that 

I when the iron expands P is made to descend ; 

but a corresponding expansion of the zinc 

^ elevates it ; it follows that P, being acted on 

by two equal antagonist forces, neither rises 

nor falls. Since the expansion of zuic exceeds 

that of iron, the bars must not be equal ; but 

such a relation must be establisiied between 

'[ them, that the elevation or depression of the 

/ bob by the one metal may be exactly coun- 

/ teracted by the depression or elevation of the 

other, with every rise or fall of temperature. 

This is accomplished by making the lengths 

of the two metals inversely as their expan- 

sions. Tiie lengths of these rods may be 

determined by the formula, / = L- — r> 

/ being the length of the zinc bar, L that of 

z the iron, i the expansion of the iron, and z 

that of the zinc. Now, as the expansion of 

iron is to that of zinc (Table X.), as r^ : 

r-TQ* or as 1 : 2-324 ; for these two metals the 

formula becomes 

1 



/^L. 



= 0-755 L. 



"2-324-1 

One of the most simple, and at the same time ingenious, 
contrivances, was that of Graham (1721), who constructed 
the mercurial compensation pendulum. This instrument con- 
sists of an iron rod A B (Jig. lO^.), to the lower extremity of 
which a branch is fitted to embrace a cylindric glass vessel 
B C, containing quicksilver. The theory of this pendulum 
is extremely simple. As the point O of the pendulum's 
oscillation is about the middle of the vessel of mercury BC, 
it is clear that an increase in the temperature will lengthen 
the rod AB, about Oo, so as to depress the centre of 
oscillation to o; but the simultaneous expansion of the 
mercury elevates this point to O. This result is exactly 
attained when the expansion of the mercurial column 
C B is just double that of the rod A B, i. e. when the 
space C c, through which the quicksilver rises in the vessel, 
is equal to twice Oo. Now, suppose the distance of the 
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point of susp^ision from the centre of oscillation, or the 

.-^ length of the second^s pendulum to be 39*13929 

%g. 107. inches « 479 -67 lines, then AO«479'67 lines. 

iA B O is half the height of the quicksilver in the 
vessel) and A B the entire length of the metal 
rod. Novy let t denote the expansion of 
the iron, and q that of the quicksilver, then 
A B would expand A B . j, and O B would 
expand O B . 9. In order that these two 
expansions should counteract each other, it 
would be necessary that A B . t =» O B . 9. But 
AB»39'139 + OB, whence the equation be- 
^cofnes 

i(39-IS9 + OB)-=g. OB; 
. 39-139 



OB>> 



9-» 




and OB s 



The expansion of iron between the freezing 
and the boiling points of water, according to 
Dulong and Petit (see Table X.), is 0*00126. 
and the expansion of mercury between the same 
temperatures, according to the same philosophers, 
is 0*01801, but as Horner says, 0*0175 if the 
expansion of the glass also be taken into ac- 
count, thus, 

t : g=«126 : 1750, 
or nearly = 1 : 14. 

39*139 



14-1 



: 3 01 inches. 



The entire length of the mercurial cylinder BC will, 
therefore, be 6*02 inches. 

Both the mercurial and the gridiron pendulums will 
require regulating, the former is corrected by pouring in 
or taking out of the cup very small portions of mercury, the 
latter, by turning a screw up or down, so as to raise or 
depress the point of oscillation. 

The compensation in a chronometer depends on the same 
principle, different metals being so combined as to render 
the oscillations isochronous. 

3.) In tubes for conveying water, steam, or gas, it is 
necessary to make provision for the expansion and contraction 
of the metal. Similar adjustments have to be made in 
xnachinery into which large pieces of iron-work enter. 
Room is left to allow for the change of volume in boilers 
and umilar yessela. 
rots, u. X 
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To the unequal expansion and contraction of bodies, or 
parts of bodies, consisting of different substances, or of one 
substance unequally heated, we must attribute the cracking 
of glass, of the backs of stoves, of cannon, &c. ; also the 
cracking of metal roofs and of ice with intense cold, and of 
iron fastenings and girders, which have been fixed when the 
temperature was very low, and which are greatly expanded 
and made to fly by the rise in the temperature. Hence, if 
iron bars be fixed in windows, walls, or other places, room 
should be allowed at one end for them to play. Generally 
speaking, this rupture takes place more or less readily, 
accordii^ to the greater or less d^pree of brittleness which 
the body possesses : the greater the diatage of temperature, 
and the more suddenly it is produced, the more likely a body 
is to fly, especially if it be of such a nature that the change 
of temperature is but slowly communicated throughout its 
mass. Hence we see why thin glasses are less likely to fly 
when suddenly heated or cooled, than thick ones. The 
property which glass possesses of splitting in the direction in 
which it is suddenly heated and cooled, is of great use in a 
technical point of view, and particularly sOx in practical 
chemistry. 

The force with which heated bodies expand is capable 
of overcoming a prodigious resistance ; it sets at defiance 
the utmost degree of pressure. The same may be said of 
their power of contraction when cooled. Molard applied 
this force to restoring the walls of an edifice in Paris to their 
perpendicular position. From what has been said, the 
reason becomes apparent for putting on the tires of wheels, 
and all rings intended to secure wood-work in its place 
when heated. 

§376. 

We have already said, that the dilatation of fluids by heat 
exceeds that of solids (§ 372.) ; the degree of their expansion 
varies in different fluids. Almost all bodies of this class which 
have yet been investigated, do not vary in volume proportionally 
to the increase or decrease of their temperature ; but, on the con- 
trary, a progressive increase in their expansion seems to accom- 
pany a rise in temperature. To this general rule mercury ofifers 
a remarkable exception, as the variations in its volume are exactly 
proportional to the variations in its temperature between — 13^ 
and + 21 2° Fahr. 

The principal fluids, whose dilatations have been accurately 
determined, are water, mercury, and alcohol. 
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Hie dilatation of water from 32<' to 21 ^ » 0-04292798 » 
^, of mercury ssOOl 801 802 s J{, of pure alcohols 0*1 2548 
= 2 of its volume. 

The expansion and contraction of water has been repeat- 
edly investigated. This fluid has the remarkable property 
of not acquiring its maximum density at the freezing point; 
that is to say, at the point where it becomes converted into 
a solid ; but, on the contrary, this change of its form of ag- 
gr^ation is aoeompanied with an extraordinary expansive 
force. Experiments were performed at Warsaw, in the 
winters of 1 828 and 29, to determine the force with which 
freezing water expands. For this purpose cast-iron shells were 
filled with water, the hole was closed with an iron screw, and 
the shell exposed to the cold ; one of these shells burst Into 
two unequal portions, of which the smaller was projected to 
a distance of 10, and the larger to a distance of 7 feet from 
their original position ; another shell burst into two pieces, 
one of which was cast 4 feeC The expansive force of freezing 
water brings about important changes in the surface of our 
earth, especially in mountainous districts, such as Switzer- 
land. Formeiiy it was believed^ that water acquired its 
maximum density at 4*1^ Cen. » 39*38^ Fahr. ; but the 
more recent and exact experiments of Munke and Stampfer 
have fixed this point at 38*80, or 38*75<* Fahr. — Importance 
of this peculiarity, on account of the formation of ice in the 
sea and in rivers. — In order to determine accurately the 
specific gravity of any substance, it is indispensable that we 
should know the temperature of the water in which it is 
weighed. (See above, § 173 and 176.) 

The changes in the volume of mercury are important to 
foe known, principally, because of their influence on the 
height of the barometer (§ 199.), and, accordingly, th^y too 
have been repeatedly investigated. According to Flauger- 
gue's most recent and careful experiments it appears that 
between— 13^ and + 212^ the expansion of this metal is 
strictly uniform, and that this expansion, according to Dulong 
and Petit, is for each degree Fahr. g^« 0*0001001001, for 
each degree C. jj^ = 000018018, and for each degree 
^ iJW = 0*000225225. In consequence of the regularity 
of its expansion, mercury is the fluid most commonly used 
in thermometers. (Comp. § 366. ) 

The expansion of alcohol has also been investigated re- 
peatedly, because of the use made of this fluid as a thermo« 
seopic substance, for observations at a low temperature. 
Munktt*s experiments are the most recent, and the results he 
has obtained the most satisfactory^ He makes the expansion 
M 2 
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of pure alcohid (0*806 at 32^ Fahr.) to be yJ^ ibr every 
degree of heat above this temperature, the volume at 32^ 
being reckoned 1 ; the expansion, however, at 43° is rather 

more than , being — 13 . Alcohol contracts with the 

1800 1800 

like regularity for every degree below the freezing point of 
water. 

Munke has further established the fact, that pore alcohol 
has the greater expansive and contractile force, and that this 
force diminishes in proportion to the quantity of water com- 
bined with it He states the volume of pure alcohol at 
122^ Fahr. to be =1*056071 ; that of water at the same 
temperature to be » 1-01 1570 ; and that of alcohol, not per- 
fectly pure (i.e. whose specific gravity, at S^ Fahr. is 
0*808) to be -1*054394. 

§ 377. 

As all aeriform bodies have, naturally, a t^idency to expand 
or increase in volume (§ 179.)> the expansive £urce of heat in 
them meets with no such resistance t» is offered to it by both 
solids and non-elastic fluids through the cohesion of their com- 
ponent particles. Hence we are justified in regarding the 
effect of heat on a'^iform substances, as the most certain mea- 
sure of the free caloric, inasmuch as it has no cohesive force to 
overcome. 

The atmospheric air and all gases dilate almost equally and 
very nearly in proportion to the increase of temperature. The 
absolute magnitude of this expansion greatly exceeds that of 
dther solids or liquids, amounting to 0*3665, or J^ of its volume, 
when raised from 32° to 212°, so that the expansion for every 
degree above freezing point is 0<X)2037, or j)^; or for every 
degree of the centigrade scale 00366 or ^, 

The experiments of Cray Lussac, Didong, and Petit bad 
led philosophers to believe that the expansions of all gases 
at equal ohangea in temp^ature were exactly equal and 
proportional to the increase in the heat. The coNcfficient of 
their expanuon from 32° to 212° was supposed to be 0*375, 
or } of this volume. Rudberg waathe first who threw out 
a doubt as to the correctness of this value, and the experi- 
inents lately published by Mflj|nus and Regnault have con- 
firmed the justness of his swipicion, so that 0*3665 may 
now be considered as the true co-efficient for the expansion 
of atmospheric air, this result having been arrived at by the 
two philosophers last named, by methods perfeetly indepen- 
dent of each other. 
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Magnus and Regnault further found that this co-efficient 
was not common to other gases; the following are the 
Talues they determined by inrestigation, for the gases given 
below: ~- 





Regnault. 


Magnus. 


Hydrogen - 


- 0-36613 


365659 




- 0-36682 




Carbonic oxide gas - 


- 0-36688 




Carbonic aoid ditto • 


- 0-37099 


0-369087 


Nitrous oxide ditto - 


- 0-37195 




Cyanogen ditto 


- 0-38767 




Sulphuric acid ditto 


- 0-39028 


0-385618 



Regnault discovered, also, that this co-efficient for their ex- 
pansion is variable ; that it increases when the density of the 
gas increases, but in a less ratio ; and that this increase differs 
in different gases. The following are the values for the 
gases named below : — 

Atmospheric Air. 



Pressure at 320. 

Incbei. 
4-31978 


Density of Gas at 320. 
Pressure at 31 2^. Do. of atmosphere 
at 320, and 2992196 
Inches. fn.«sl 
5-87848 0-1444 


Index of 

Expansion 

l + 180a. 

1-36482 


29-92196 


— KXXX) 


1 r36587 


143-92305 


196-54358 4-8100 
Carbonic Acio Gas. 


1 -37091 


29-86172 


40-73087 1 OOOO 


1 -36856 


141-65961 


187-36777 4-7318 


1-38598 



In the third column the densities of the gases are given 
at the temperature of freezing water ; from which it appears 
that the variation in 

Atmospheric air is from 0-1444 to 4-81, or 1 to 33-3. 

Carbonic acid gas - - - - 1 to 4*732. 

For this difference, therefore, we must change the index of 
expaBsion of 

Atm. air from 1 -86482 to 1 •3709, or 0*0061 nearly 
Carb. ao. gas 1 -36856 — 1 -38598 — 0-0174. 

From what has been said above it follows, that the expan- 
non of carbonic acid gas increases with the pressure more 
rapidly than that of atmospheric air. Regnault foimd by 
his experiments on hydrogen, that the expansibility of this 
gas scarcely varied at alL 

X 3 
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Let V«the ▼olume of a ga« at S2^ v that of a gas at 
any number of degrees I®, above or below that point, and e 
the index of ite expansion for 1° ; assuming that the atm<^- 
spheric pressure or height of the barometer remains unaltered, 
then 

V:t;=l : ±et, 

That is 

, f for Fahr. » = V(1 +0-0020370. 
^- \for Cent. »= V(l +0-003660- 

Again let b represent the mean, and 6' the observed 
altitude of the barometer, v the volume of the gas at 6, 
and v' that at b' ; then by Mariotte*s law (§ 197.)^ 
v:v'=V:b', 

whence ,^=J^=^ . V(l +«0. 

and V = ^ 



Whence 



11. ^ 



III. 



6 (l±eO 



for Fahr. »'=^ • V(l +O-OO2O370» 
for Cent, r' = ^ . V (1 +0003660. 



for Fahr. V = 4^ ^ 



b (1 +0-0020370» 

for Cent V = -^ . ^ ^ 

6 (l+0-00366*> 

Formulae I. are used to calculate how much the volume 
of a certain quantity of gas increases with a particular rise 
or fall of its temperature, the pressure to which it is sub- 
jected continuing the same. By formula? II. we determine 
the relative proportions between p, volume of gas at any 
height whatever of fhe barometer and thermometer, and an 
equal volume of the same gas at 32^ F. (0°Cent.)> and at 
the normal barometric altitude. Lastly ; formulae III. are 
used to reduce the volume of a gas at whatever altitudes of 
the barometer and thermometer it may have been observed, 
to 32^ of heat and to the mean barometric altitude (29-8 
inches). 
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§378. 

A second important result, owing partly to the properties of gase- 
ous bodies themselves, and partly to their perfect elasticity (obs. 
§ 179.), is this, that if a gas be enclosed within such limits as 
prevent its expansion, on applying heat to it we shall increase its 
elastic force in the same proportion as the heat is increased, but 
no change will follow in the material constitution of the aeriform 
body. 

The increased force of expansion brought about by the 
heat may be measured by ascertaining the amount of the 
gas's pressure, as was done in the case of condensed air. 
(§245.) 
If the expansive force be so increased by raising the tempera- 
ture that the gas overcomes the resistance offered by the enclos- 
ing body, then the latter will be driven forward by the expansion 
of the air in that direction in which it gives way. 

ExpL Heat the air above the water in a Hero's ball, and 
a jet will ensue. 

For a similar reason when gunpowder is ignited, the expan- 
sive force of the gas is greatly increased by the quantity of 
free caloric generated. 



III. PROPAGATION OF HEAT. 

§379. 

Tlie free caloric endeavours to establish an equilibrium as 
regards heat in all bodies ; that is to say, it has a tendency to 
impart itself to all substances. Our every day's experience 
confirms the truth of this assertion, as we find all heated bodies 
give out their free caloric to surrounding objects until they are 
raised to the same temperature with themselves. The time 
required to effect this depends on the material of the body to be 
heated, on its -mass and magnitude, and on the nature of its 
sur&ce. 

This motion of free caloric, by which equilibrium is re-estab- 
lished, is of two kinds, viz. Radiation and Conductioti, The main 
distinction in these two modes is, that heat is said to be propa- 
gated by radiation, when it is communicated from one body to 
another through an intervening space ; it is said to be commu- 
nicated by conduction, when it is transmitted through the interior 
of any body. 

X 4 
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A. OfRadiani Calorie, 

§S80. 

Fret calorie when radiant possesses its maximiiin mobility, and 
in this state it obeys the same laws with light. 

All bodies, whi^ver may be their temperature, radiate heat, 
whidi is propagated from their turfaeee in aU directions in right 
Knee, Heat is therefore diffused m a manner similar to that in 
which light is propagated from self-luminous bodies, and in this 
respect the rays qf heat have a close affinity to those of light. 
(§277.) 

It has been found that the same Jaw obtains m regard to heat 
as has been discovered to prevail in alPother forces radiating from 
acentre(er.^. Gravitation, §29.; Sound, §260.; and Light, § 281. >, 
viz. that the intensity of the radiation diminishes as the square of 
the distance increases. Ritchie and Melloni have in modem 
times experimentally proved the truth of this law. 

A person may convince himself in a very simple manner 
of the radiation of heat by standing with his &ee towards a 
heated itove, or any substance in a state of combustion. A 
sensible warmth will be felt ; the more strongly the nearer ' 
the observer approadies the source of beat. This efiect 
ceases altogether if a screen be interposed between the face 
and the fire. — Its intensity may be measured thus. 

Fig. 108. 



f 




I 



Expt, Place the bulb of a delicate aur thermometer T, 
fig. 108., near to a heated metallic body M, and between thena 
interpose a screen S, on whiidi the rays of heat may be 
received. — With this arrangement the thermometer wiU not 
show any rise of temperature ; but if the acreen be removed, 
or, what will be still better, if an aperture o be uncovered^ so 
that the rays from M can pass in a right line to the bulb 
T, the fluid will rise instantly, and the intensity of the heat 
may be measured by placing the thermometer at diflfrittnt 
distances from the opening in the screen. 
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§ 381. 

Heat is propagated with an extraordinary velocity. It was 
formerly believed that it travelled as fest as light, but modem 
scientific research has shown that the rate at which heat is 
radiated from the sun is only |ths of the velocity of light, or 
about 163,600 miles in a second. 

Von Wrede measured the velocity with which heat is 
propagated in a manner as simple as it is ingenious. He 
inferred that if heat and light in the sun's rays possessed 
unequal velocities, then their aberrations must also be 
unequal (§ 286. obs. ) ; and consequently, that the image of the 
sun formed in a tde»;ope by the calorific and by the 
luminous rays woul^^ot exactly coincide, but would be 
inclined the one to the other in a direction parallel to the 
ecliptic One consequence of this would be, that the tem- 
peratures on the eastern asd western edges of the image of 
the sun would not be equal. By means of a thermo«electric 
calorimeter (an instrument of which a detailed account will 
be found in the section on thermo-electricity) placed in the 
telescope, it was found that the temperature of the eastern 
edge of the sun*s image exceeded that of the western edge, and 
consequently the velocity of the rays of beat was less than 
that Of the luminous rays. The mean of a great number of 
observations gave the proportion stated above. He noticed, 
however, that the requisite number of observations could not 
be considered to have been yet made to authorise the belief 
that the proportion given is indubitably correct. 



§382. 

A very striking analogy subsists between the radiation of heat 
and light, inasmuch as different substances are found to have 
very different capacities for emitting, reflecting, absorbing^ and 
transmitting the rays of heat, just as we have sdready remarked, 
m the preceding section, to be the case with regard to the rays 
of light. 

8 383. 

The radiating power of any body depends on its temperature 
and on the nature of its sur&ce. In general, the rays emitted 
by a heated body will be more numerous and more intense 
tbe higher its temperature. At equal temperatures metallic 
||irfaces radiate less heat than others, and such as are smooth or 
polished less than rough surfaces. 
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Leslie established this fiict experimentaUy in the foUomng 
manner : — 

Expt He procured a cubical vessel of block tin, one 
side of which he polished, the second he made rough by 
scraping, the third he covered with a glass plate, and the 
fourth he blackened with lamp-black. — He then filled the 
vessel with boiling water and presented the different sides 
in succession to a delicate air thermometer, preserving the 
same distance in each instance, and found that the polished 
face radiated the least, and that which was covered with 
lamp-black radiated the most. 

Leslie found their radiating powers to be 



Lamp-black 


100 


Rough Lead 


45 


Water 


100 


Mercury - 


20 


Writing-paper - 


98 


Polished Lead . 


19 


Glass 


90 


Polished Iron - 


15 


Tissue-paper 


88 


Tin, Silver, "I 


12 


Ice - - - 


85 


Copper, Gold J" 



§384. 

The rays of heat which $ill upon any body will be reflected 
back from its surfiice, according to the same laws as regulated 
the reflection of the rays of light. (§ 289. ) This reflecting power 
of different substances varies, accordmg to the nature of their sur- 
face, and the material of which they consist The most complete 
reflection is that firom metallic surfaces. Leslie says, the greatest 
reflection is from brass; Nobili and'Melloni say from mercury 
and copper. All non-metallic bodies, whatever the nature of 
their surfiices, have either very low reflecting powers, or none 
ataU. 

Leslie represents the reflecting powers of the substances 
given below by the following numbers : — 



Brass 




- 100 


Tin-foil, done over with 


SUver 




- 90 


mercury - - - 10 


Tin-foU . 




- 85 


Glass ... 10 


Block-tin - 




- 80 


' Glass, smeared with wax 


Steel 




- 70 


or oil - - - 5 


Lead 




- 60 





The following experiments will serve to show that the 
reflection of the rays of heat obeys the same laws as that of 
light. 
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First Expt, In the focus a (Jig. 152. p. 264. Vol. I.) of 
a metallic concave mirror m n, place a red-hot ball, and the 
rays impinging on the sui^ace of the mirror will be reflected 
in a direction parallel to the axis. — A sensitive air thermo- 
meter placed in front of the mirror will be affected by the 
reflection of the rays at a considerable distance from the 
focus ; but if placed on either side of the mirror, the spirit 
will stand almost or quite at the same level. 

Second Expt. Referring to the same figure, if now we 
imagine op to represent a second similar mirror, having a 
common axis with mn, and a thermometer be placed in its 
focus, we shall find this instrument to indicate a great rise 
in temperature, even if the mirrors be placed at a distance 
of 20 feet apart — The second mirror op reflects the rays 
projected into it from the other mirror m n, and combines 
them all in its focus /, where we have supposed the thermo- 
meter to be placed. — The like result will be obtained in the 
best vacuum that we can get in the exhausted receiver of an 
air-pump ; whence we infer that the radiation of heat takes 
place in vacuo the same as in the atmosphere. 

By means of the arrangement described above, we can 
ignite tinder, gunpowder, and similar substances, if in one 
focus we place a piece of burning coal, and in the other 
focus one of these bodies which we desire to set light to ; if 
the mirrors are pretty good, this effect will follow when 
their distance is as much as 40 or 50 feet. 

Third Expt. For the burning coal or hot iron placed in 
one of the foci substitute a lump of ice, or a cup containing 
some freezing mixture C§ 402.), and the thermometer in the 
other focus will instantly indicate a great fall in the tempera- 
ture. — In this case more caloric radiates from the thermo- 
meter than from the ice, whence the former suffers a diminu- 
tion in the quantity of its heat. 

In all these three experiments it will be observed that 
the motion of the heat is performed with extreme velocity. 
Before the first mirror place a screen of glass, wood, metal, . 
or paper, on which the rays reflected by the mirror may be 
received, and the thermometer will be unaffected; but at 
the very instant when the screen is removed, the fluid in the 
tube will be seen to rise or fall, according as the heated ball 
or the lump of ice is in the c^posite focus. These variations 
in the temperature will be seen most readily in a very sensi- 
tive thermo-electric calorimeter. 
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§365. 

Eyery body impinged on by the rays of heat reflects but a 
portion of such rays ; the remainder penetrating into the interior 
of the body lose tbiBir radiant power, and raise the temperature of 
the body they enter. This process is termed abiorpiioH, The 
absorptive power of a body u inversdy as its reflective power, 
and in many substances it is directly as their power of radiation ; 
that is to say, bodies which radiate heat quickly and powerfully, 
become also more quickly and more intensely heated than others, 
when exposed to radiant heat Besides, it has been ascertained, 
that the temperature of any body is raised most speedily when 
the rays MX perpendicularly on its surflue; and conversely, that 
the greater the deviation of the angle of incidence from a right 
angle, the more slow and feeble is the effect produced; in all 
these points the analogy between heat and light is striking. 
(Compare §894.) 

If the temperature of any body continue stationary, this 
equilibrium may be accounted for on the supposition, that the 
quantity of heat which it diffuses by radiation is equal to that 
which it receives by radiation from surrounding oti^iects, and 
which it either wholly or in part absorbs. On this principle 
Frevost's theory ofexehangta is bnllt. This equality in the quan- 
tity of heat given out and acquired by radiation, can be esta* 
blished only in such bodies as allow no portion whatever of the 
beat they acquire to pass through them ; whence it f<^lows, that 
the absorptive power of bodies depends also on their capacity for 
transmitting heat 

Leslie and Ritchie endeavoured experimentally to deter- 
mine the ratio .between the capacities of bodies for radiating 
and absorbing heat, and they invariaUy found that the in- 
tensity of the radiation corresponded with that of the ab- 
sorption in similar bodies with equal sur&ces. The more 
recent and very nice experiments of MeUoni have since 
proved, that this law does not hold good for all substances ; 
if minute differences be disregarded, the general truth of 
the law may be illustrated by the following experiments : — 
Fir9t Expi, Cover half one side of a pane of glass with 
tin-fbil, and hold this covered side next a powerfully radia- 
ting source of heat, such as a burning coal ; then place your 
ha^ on the other side, and scarcely any warmth will be felt 
on that part of the glass whidi is behind the metal, but on 
the other portion the heat will be very perceptible. Now 
turn the pane so as to expose the naked side of the glass 
towards the rays, and the effects will be reversed. A 
still greater difference is observable, if that part of the glass 
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which is not covered with metal be coated oyer with soot or 
lamp-black. 

Second ExpL Blacken one side of a Rumford's diflerential 
theriBometer (§ 370.) with lamp-black, and coat half the 
other bulb with leaf-gold or silver ; the blackened bulb will 
exhibit a much greater absorbent power than the uncovered 
half of the other ball The difference will be made still 
greater by throwing the rays on that half which is covered 
with metal. In performing this experiment care should be 
taken that both the balls are exposed to precisely equal radia- 
tions : this will be best accomplished by placing them both 
in the sun's rays. The bulbs of other thermometers are 
sometimes blackened to increase their sensitiveness to the 
action of heat 

If a body emit more heat than it receives from others, its 
temperature must necessarily sink. The third experiment 
(§ S84.) proves this. On this principle investigations have 
been made to ascertain the relation subsisting between the 
beat radiated* from the surface of our earth into the sur- 
rounding space, and that which is imparted to it by other 
heavenly bodies, as the fixed stars. For this purpose a con- 
cave metallic mirror was fixed in such a position, that its 
reflecting surface was directed towards the sky : it would, 
therefore, collect in a focus all the rays of heat which it re- 
ceived from this source. A delicate air thermometer was 
placed in the focus, and it was found that when the sky was 
clear the temperature of the thermometer fell below that of 
another standing in the open- air, but that when the sky 
was cloudy no difference was perceptible between the two 
instruments. In the former case, therefore, the radiation of 
heat from the earth must have exceeded the heat imparted 
to our planet by the other heavenly bodies. This experiment 
was originated by Wells ; and DeUuroche is of opinion, that 
when ^e sky is overcast the clouds fbrm a kind of screen, 
which intercepts the rays emitted by the earth and prevents 
their escape. 

The mutual relation which has been explained in this sec- 
tion, and which has been shown to subsist between the radi- 
ation, absorption, and reflection of heat, may be expressed by 
means of mathematical formulae. Let h represent that quan* 
tity of heat, as shown by a thermometer, which the rays of 
heat impinging on a body impart in a certain tmit of time; 

let — be the portion absorbed by the body, and let the re- 
m 

mainder (1 -) A be reflected; then the fractions — aud 

^ m m 
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— "^ — will eipress the capability of its sur&ce for absorbing 

and reflecting heat The value of m is variable according to 
the nature of the body ; it depends also on the temperature t 

of the radiating body ; a surfiice which absorbs —. would, if 

m 
similarly situated, and raised also to the temperature ^ emit 

a quantity of heat represented by — 



§ 386. 

Lastly ; diathermanous bodies are such as allow the rays of heat 
to pass through them in much the same manner as diaphanous 
bodies transmit light ; those substances which retain all the heat 
they receive are called {Uhermanous. 

Gaseous bodies and a vacuum (as we have already learned from 
experiments 1 to 3. § 384.) are diathermanous. The power of 
solids and liquids to transmit heat does not correspond with their 
respective capacity for transmitting light. As far as we yet know, 
all perfectly opaque substances, such as the metals, are also ather- 
manous ; whence it has been inferred, that a body's power to trans- 
mit heat must be dependent on its possessing some degree of 
transparency. 

Rock salt is the most diathermanous of all Jcnown solids, and 
alum the least so ; bisulphuret of carbon the most, and water the 
least, diathermanous of liquids. 

Delaroche first discovered the transmissive power of com- 
mon glass, but the most important discoveries in this branch 
of science have been made by Melloni, who has investigated 
the power of many solids and liquids to transmit heat. He 
found as many gradations to exist in bodies with regard to 
this property, as with regard to transparency. In the course 
of his researches he ascertained, that if the quantity of radiant 
heat transmitted through the atmosphere be estimated at 100» 
the following numbers will express the proportions trans- 
mitted through an equal mass of the substances named 
below. 

Air 100 

Rock salt, transparent ... 92 

FUntglass -. 67 

Bisulphuret of carbon - - - - 63 

Calcareous spar, transparent • - . 62 

Rock-crystal .... d. . 62 
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Topaz, brown - - - - - 57 

Crown-glass - - - - - - 49 

Oil of turpentine - - - - - 31 

Rape-seed oil - - - - - -SO 

Tourmaline, green . '. . . 27 

Sulphuricsther ----- 2I 

Gypsum ------ 20 

Sulphuric acid - - - - - 17 , 

Nitric acid ------ 15 * 

Alcohol - -.- -. - -15 
Alum, crystals of - - - - ,- 12 

Water - - - - - - - 11 



§ 387. 

Those rays of heat which are combined with flame are called 
htmimus thermal rays. To this class belong the rays of heat emit- 
ted by the sun : they penetrate through all diathermanous sub- 
stances. Those rays, on the contrary, are said to be opaque, 
which proceed iirom bodies heated below the point of active 
combustion : these rays are but partially transmitted by certain 
bodies. Melloni inferred that the rays of heat must be of diiferent 
kinds, and that the transmission of them might be compared with 
the transmission of the rays of light through coloured bodies ; 
for when light passes through a coloured medium, we find those 
rays only are transmitted which resemble the medium ; all others 
are absorbed. Flames emit rays of heat of all the different kinds, 
but in unequal proportions, in this respect resembling white or 
solar light. The heat produced by other sources is deficient in 
one or more of the varieties ; whence the opaque rays of heat are 
analogous to the rays of coloured light. Bodies are therefore 
either perfectly or partially diathermanous ; the former transmit- 
ting all the thermal colours, and the latter only some of them. 
Rock salt is the only perfectly diathermanous substance; it 
therefore stands to heat in the same relation as absolutely trans- 
parent glass does to light. The other diathermanous substances 
resemble the variously coloured diaphanous bodies, which trans- 
mit light but partially. 

§ 888. 

The rays of heat, from whatever source derived, like those of 
Hght, are refrangible ; u e, if transmitted through a diathermanous 
prism, they are refracted according to laws similar to those which 
gorem the refraction of light through a prism. (§ 300.) 



Digitized by CaOOQ IC 



176 THKEMAL •FCCTKIIIC. 

From this property of the calorific rays, it follows that they 
may be collected in a focus, if transmitted through a diatherma- 
nous convex lens. Actual experiment has prored the truth of this ; 
which we should have inferred, had we reasoned only from the 
analogy between heat and light. 

It has been further ascertained, that the rays emitted by differ- 
ent sources of heat have a different refhmgibiHty, and that the 
opaque thermal rays are less refrangible than those which proceed 
from luminous sources of heat. In this, again, we recognise an 
analogy between heat and light, the variously coloured rays of 
the latter having each a peculiar refrangibiltty. (§316.) 

From what has beeit already advanced, it follows that when 
the various rays have passed through a diathermanous prbm, 
they will compose a thermal gpectrum, in lik^ manner as the sun's 
rays form a solar spectrum (§ 316.): in fact, such a spectrum is 
made by the calorific rays, combined with the luminous rays, in 
the sun's beams. The thermal and chromatic spectra, however, 
do not exactly coincide. (§ 358.) The heating rays of greatest 
refrangibility bound the spectrum at about the spot where the 
violet and blue of the chromatic spectrum touch. From this point 
their intensity increases through the blue, green, yellow, orange, 
and red light, and even to a little distance beyond the termination 
of the last named colour. There it rapidly diminishes, and termi- 
nates at a distance from that point equal to one- third of the length 
of the spectrum. The solar spectrum represented in^^. 69. (as has 
been already mentioned in § 316. and 358.) shows ^so the extent 
of the thermal spectrum; the fine curved line exhibiting the 
intensity of the different colours, and the dikrk line the intensity 
of the different heating rays, which, however, as Seebek dis- 
covered, varies according to the material of which the prism 
consists: The proportions depicted in the diagram referred to 
are those given by a prism of rock salt. 

We have mentioned in the preceding section that rock salt 
is the only absolutely diathermanous substance with which 
we are acquainted ; as therefore, in our experiments on the 
refraction of light, we always make use of glass prisms and 
lenses, so in experiments on the refraction of heat we must 
employ rock salt ; all other diathermanous substances being, 
in regard to heat, what coloured glass is to l%ht. A convex 
lens of rock salt may therefore be used to coUeet all the rays 
into its focus ; and a buriung glass, of so deep a violet as to 
be almost opaque, will produce a far stronger heat, by col- 
lecting the rays emitted from burning coals, or any other 
heated body, than we should obtain by using a common 
burning glass of equal size. The glass may be rendered of 
the desired hue by means of manganese. 
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§ 389. 

Lastly, Forbes and Melloni have recently proved, experimen- 
tally, that heat, as well as light, is susceptible of poUuizatiimt 
doMt refraction^ and interference, 

Forbes also experimentally yerified the truth of Fresnel's 
theory, that the waves of heat are greater than those of light ; 
he found them to be about thrice as long as the waves of red, and 
41 tunes as long as the waves of violet light. Consequently, the 
vibrations made by the waves of heat will be, in the same ratio, 
more slow than the waves of light. 

If we r^^d the series of facts on which our knowledge of the 
radiation of heat is founded, we cannot avoid the conviction, that 
in its propagation, velocity, reflection, refraction, and polarization, 
so strong a resemblance exists between it and light as amounts 
almost to an identity. But if in these respects these two mighty 
physical agents seem to obey the same laws, and to be subject to 
the same modifications, through the action of ponderable matter 
upon them, yet the analogy holds good only so long as their rays 
move freely ; for the difference between light and heat is wide 
mdeed, when radiation is interrupted, either at the surface or in 
the interior of a body. 

The experiments by Y^icb Forbes and Melloni arrived at 
a knowledge of those properties in radiant heat which we 
have glanced at in the preceding s^tions, require for their 
perfprmance costly apparatus ; the experiments themselves 
are extremely delicate and difficult, for which reasons they 
are not adapted for performance in schools and colleges ; a 
more detailed account is therefore omitted in the. present 
treatise. - 



B. Conduction of Heat in Bodies, 

§S9a 

When heat has' penetrated into the interior of nny^^ody, it 
endeavours to diffuse itself so as to bring all parts of the body to 
an equal temperature. The rate at which this equalization is 
brought about, is the measure of a body's conducting power. Sub* 
stances are divided, accordingly, into good and had conductors of 
heat ; the former class comprising such as propagate heat rapidly, 
and the latter such as difi^se it slowly throughout their mass. 
Heat is conducted more quickly, the greater the difference of 
temperature between the bodies, or parts of a body, that are in 
contact. . 

TOL. II. K 
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The following simple experiment will illustrate the truth 
of the last remark : — 

Expt. Plunge the bulb of a thermometer into hot water : 
at first the ascent of the mercury in the tube will be very 
rapid ; but the nearer the temperatue of the metal approxi- 
mates to that of the water, the smaller its expansion. 
Experience proves that heat is capable of being difibsed 
throughout all substances, without exception, and that no material 
exists which can exclude it. 



§391. 

It has been found, by numerous experiments, that the conduction 
of heat in the interior of bodies, both solid, liquid, and gaseous, is 
regulated by the same law ; but that equal volumes require very 
unequal times, according to the conducting power of the particular 
substance ; and that, generally sp&tking, the denser any body is, 
the better conductor of heat does it become. This equalization 
of temperature is considerably modified in liquids and gases, by 
the extreme mobility of their particles. 

In solid bodies heat extends itself from the particle in immer 
diate contact with the source of heat to the next particle ; from it 
again to the next, and so on, untU the whole mass has acquired 
the same temperature. The best conductors of this class of sub- 
stances are the metals, but among them there exists a great diver- 
sity in this respect. Metals in an oxidized state, asUbey are 
found in mo&t stones, glass, burnt clay, &c., have a mean con- 
ducting power. Organic bodies are bad conductors of heat; 
as instances, we may mention cork, straw, charcoal, ashes, cotton, 
woo), silk, hair, feathers, &c. 

Rumford considered that these porous bodies were bad 
conductors of heat, in consequence of the portion of air in a 
quiescent state contained in their interstices. Heat travels 
more slowly, in proportion as it passes frequently out of one 
substance into another, of different densities. 

Despretz has represented the conducting powers of various 
bodies by the following numbers : — 



Gold - 


- 10,000 


Tin - 


- 3,039 


Silver - 


- 9.730 


Lead - 


- 1,796 


Copper 


- 8,980 


Marble 


236 


Platina 


- 3.810 


Porcelain 


122 


Iron 


- 3,743 


Tile - 


114 


Zinc - 


- 3,630 







Woods are among the substances that have the lowest con- 
ducting power. De la Rive arranges them in the following 
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order: nut, oak, fir, pedlar, cork. He con^ders^ also, that 

they all conduct heat bietter in the direction of their fibres 

than across the grain. 

The following simple experiment will at once show the 

inferiority of glass to metal as a conductor of heat : — 
Exfi. \M a b, Jig, 109., be a piece of brass, copper, or iron 
wire ; and cda piece of glass of 
Fiff. 109. equal size and length. Tie both 

the rods firmly- together at one 
end by a bit <k wire, and put a 
ball of wax at their other extra* 
mities. Heat the apparatus by 
applying to if the flame of a 
spirit lamp ; and the wax at b 
will be completely melted, whilst 
that at ^ is unchanged. 

§392. 

The propagation of beat in non-dastic fluids varies according as 
it is applied from above or from below. If heat be applied at the 
upper surfiu;^ the conduction proceeds just as in solid bodies, and 
in this case liquids prove themselves very bad conductors of heat ; 
hut if heated firom beneath, their particles rise successively to the 
upper sur&ce, their elevated temperature rend^ing them specifi- 
cally lighter than the cooler particles above them ; the greater 
weight of which causes them to deseend and take the place origi- 
nally occupied by the others. Thus, a constant current is excited 
in aay liquid heated firom beneath, by which the conduction of 
heat throughout its mass is greatly accelerated. The process is 
exactly reversed if a fluid be cooled from above or from beneath. 
The following experiments may serve to confirm the truth 
of the above remarks : — 

First Expi, Partly fill a tall glass vessel with water, and 
throw in a little roughly-powdered amber ; heat the water 
by a spirit lamp, and the current in the fluid will be ren- 
dered visible by the aseent of the particles of amber up the 
middle of the fluid, but on their approach towards the sides 
of the vessel, they will sink again with the cooler particles of 
the water. 

Second Expt. Let A, fig. 1 la, be a vessel made of plates 
of iron or tin ; near the bottom of one of its sides insert a 
thermometer 6, and also a second thermometer at a, near the 
top of the vessel. Fill it with water just above a ; c is a 
thin metal cup floating on the sur&oe of the water,' which is 
to be filled with spirit of wine or sulphuric aether ; light the 
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spirit, or, if you please, fill the eup with as much hot sand 

as it. can. cany, and the heat produced by it at the surfiueof 

the water will very soon be shown by the thermometer a: 

the thermometer at b will meanwhile 

be scarcely affected by it. 

Place the vessel on a lump of ice, 
and the lower thermometer will in a 
little time mark a change of tempera- 
ture, but the thermometer a will not 
indicate any alteration till long after. 
In both these cases water is shown to 
be a bad conductor of. heat. 

When the temperature of the water 
at the lower part of the vessel has 
fallen to about S9^ Fahr., the water 
rendered lighter thereby b^ins to as- 
cend (§ 376. obs.), and the wanner 
water above to descend and take its 
place. 

Now place the vessel on a hot brick, and conduction will 
take place from the bottom, the elevation of the temperature 
, will speedily be observable in both the thermometers. The 
water beneath being heated is rendered lighter, and rising 
rapidly, it acts on the upper thermometer. 

Lay a piece of ice on the surface of the water, and both 
the upper and lower thermometers will quickly indicate 
a decrease in the temperature. The water on the sur&ce, as 
it cools, becomes also heavier, and as it descends it affects 
the lower thermometer. 

In the torrid and temperate zones the temperature of the 

sea will diminish as the depth below the sur&ce increases, 

but in the fri^d zones the reverse will happen, for as the 

. temperature at the surfece is less than 32^, the lower strata 

cannot have a less degree of warmth than 39^. Henqe the 

formation of ice always begins at the surface; were the 

change of form in water to begin at the bottom, the whole 

mass would be converted into ice. 

Aeriform bodies closely resemble the non-elastic fluids in the 

conduction of heat, these two classes of bodies being distinguished 

by the readiness with which their particles move among each 

other, and both having the same conditions of equilibrium. Air, 

in a tranquil condition, is a very bad conductor of heat, but when 

agitated, it promotes the propagation of heat, more quickly even 

than liquids, by the more rapid ascent of its heated particles. 

To this property of air we must attribute the motions in 

our atmosphere, noticed already in the observation to § 206. 

By referring . to the unequal power various bodies possess for 

conducting heat, we can expiaig many circumstances that come 
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under our notice in our ordinary experience. Thus, to commu' 
nicate heat quickly we must make use of such substances as are 
good conductors i if we desire, on the contrary, to retard its ope^ 
rations, we must select such bodies as are bad conductors. 

From what has been ahready stated, the student will be 
able at once to answer the following queries, and to explain 
the technical uses of the various conducting substances. 

Why do brass cannon become hot more readily than iron ? 
If we touch a piece of wood and a piece of metal both at the 
same temperature, the latter feels colder than the former, if 
the temperature be lower than that of our own body ; but if 
the temperature of these substances be higher than that of 
our bodies, then the metal feels hotter than the wood. 
Water is made to boil sooner in metal vessels than in earthen- 
ware. Wooden walls and thatched roofs are cooler in sum- 
mer and warmer in winter than brick walls and tiled 
roofs. Wool, feathers, and fur are a better protection 
against inclement weather than several wraps of linen or 
leather. Snow is one of the worst conductors of heat. 
Utility of this property. — If our bodies come in contact with 
water and quicksilver, the sensations they excite are pre- 
cisely similar to those caused by touching wood and metal. 
Use of making boilers, saucepans, and similar vessels, with 
wide bottoms. Use of double windows. 



IT. CAFACirr FOB. HBAT. SFXCIFIC AND BXLATITE HEAT OF BODIES. 

§ 393. 

Similar bodies require an equal quantity of heat to roise them 
from any given temperature to a higher. 

First, Expt, This ntoy eadly be proved by placing two 
equal cups of like material on the hob of a stove in Which 
there is a fire ; let each of the cups contain an equal quan- 
tity of water of the same temperature ; each cup, therefore, 
contains the same quantity of heat. After a time the water 
will be found to have become hotter, but the temperature of 
that in each of the vessels will still continue equal. 

If we assume the quantity of caloric requisite to raise lib. 
of water 1^ above the freezing point for our unit of measure- 
ment, then we should require 20 times as much to raise lib. 
of water from 32° to 52®, or 120 times as much to raise 6lbs, 
the same number of degrees. 
If similar substances of unequal magnitude or masses have the 
same temperature, the quantity of free cahric they contain will be 
froportionai to their masses. If, on the contrary, they have dif- 
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ferent temperatures, and they are brought into contact, or are 
mixed together, then the hee caloric is equally distributed 
throughout the whole mass. 

Second Expt. Mix together lib. of water at 52^ and lib. 

at 12% and you will obtain 2lb«. at 5112? = 62^. 

If their masses are unequal, their common temperature 
after combination is found by dividing the sum of the pro- 
duets of their masses into their temperatures by the sum of 
their masses, thus, ex. gr. mix 2lbs. of water at 95^ with 
3 lbs. at 50^, and the compound will have a temperature of 

(2x95) -I- 1.3x50) ^ ggo. _ Practically, some portion of 

the heat will be absorbed by the vessel. 

If you put M and m for the masses* T and t for the tern- 
peratures of the bodies, and x their common temperature 
after contact or mixture^ the general expvessicm wiU b& 
MT -k-mt 



M + 1 



§ 3&4. 



If the temperatures of two dissimilar substances be raised to 
the same degree, experience proves that some substances require 
more and others less heat. 

Expt. Place side by side upon a hot plate two equal simi- 
lar vessels, one containing a certun quantity by weight of 
water, and the other an equal weight of mercury. If both 
the fluids stand at the same temperature, it is clear, under 
the circumstances supposed, that each vessel contains an 
equal quantity of caloric ; after a v^ry short time, however^ 
we shall find that the mercury has become much hotter than 
the Ti^ater. 
In like manner, it has been found in lowering the temperature 
of dissimilar substances to an equal d^ree, tibat some give out 
more and others less calorie. 

Hence it follows, in mos^ cases, that if two dissimilar substances 
whose masses or weights are equal have the same temperature, 
they contain unequal quantities of heat. 

We attribute, therefore, to bodies a different degree of su8c^>- 
tibility for receiving free caloric into their interior structure, or 
within their molecules ; this is called their capacity for hcai, and 
the quantity required to raise equal masses or equal weights,^ l^ 
is termed their speci/ic heat It has also bewi determined, that a 
certain relation subsists between the density of bodies and their 
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capacity for heat, thU capacity in general being less, the denser 
the structure of the substance. 

If we determine the specific heat of different substances, we 
can compare their respective capacities for heat. To do this in- 
telligibly with regard to all bodies whatever, we must proceed in 
much the same manner as we did to ascertain thdr specific gra- 
vities. (§ 173.) The unit assumed for this purpose is the capa- 
city of a certain weight of pure water. Equal masses of other 
substances are compared with this unit thus : if their capacity for 
heat exceed that of water, by numbers greater than 1 ; if it be 
leas than that of water, by fractional quantities. 

The specific heat of bodies has been determined, not only for 
equal weights, but also for equal volumes, and this is called their 
rdaiive heat, which is to the specific heat of any body directly as 
its specific gravity. It may be found by multiplying the specific 
heat into the specific gravity ; and conversely, the specific heat 
may be found by dividing the relative heat fcty the ^ecific gravity. 
It has been found by experiments, which will be detailed in 
the next section, that the quantity of heat requisite to raise 
the temperature of lib. of water 1^, would sufiice to raise lib. 
of quicksilver 33^. I^ then, we assume the quantity re- 
quired for water as unity, the specific beat of mercury will 
be ^; and since (Tab.IX. p. 187. Vol. IV.) the specific gra- 
vity of mercury is about 13*6, it follows that the relative 
heat of an* equsd volume of this metal is ^ x 13*6=0 4121. 
Let s represent the specific gravity, c the q»ecific heat or 
the capacity of the body for heat, then r ^ se will be the 
general expression for the relative heat of bodies, or the 
quantities of heat they contain with equal volume. The fol- 
lowing table exhibits at one view the specific and relative 
heat of some of the principal solids and liquids. 
With r^ard to gaseous bodies it has been found, that, whether 
single or mixed, their specific heat is inversely as their specific 
gravity or density, and, consequently, equal weights of such 
gaaes contun a larger quantity of heat the less their specific gra- 
vity. But further, as the relative weights of equal volumes of 
gas are inversely as their specific gravities, it follows that equal 
volumes of these gases will have equal relative heat ; t. «. they 
will contain equal quantities of caloric, in &ct, the same as atmo- 
spheric ur itself. Chemically combined gases, on the contrary, 
have a different relative heat from such as are simple or merely 
mixed ; their relative heat exceeds that of common air, and each 
such gas has a distinct index to express its relative heat ; so the 
quantity of caloric they contain exceeds that contained in an 
equal volume of atmospheric air. 

The capacity of atmospheric air is assumed as the unit by 
which to estimate the specific heat of gaseous bodies ; but some- 
V 4 
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times that of water is assumed as the unit, and then the capacities 
of these bodies are comparable with those of solids and liquids. 
The latter values are obtiuned by multiplying the former into 
0*2669, which is the index of the specific heat of atmospheric 
air as compared with that of water. 

In Table XI. the capacity of most gases will be found for 
equal measures both by weight and volume. 

TABLE XI. 

Oftht Spedjie and RdtOive Heat of Bodies, and the Ratio of their 

Specific Heat to their Atomic Weights, 



Name of the Sabttance. 


1? 

1 


a. 

Atomic Weight 

according to 




•1 
**3 


'k 


Sis 


Simple Substances. 














Bismuth - 


8-716 


886-92 (?) 


0-03084 Regnault 


0-2744 


27-858 (?) 


0-7 (?) 


I^ad . - . 


11-330 


1294-50 


03140 ~ 


0-3558 


40-647 




Platinum 


20-8.')5 1283-50 


0-03243 — 


0-6765 


89^33 




Gold - - . 


19-240,1243 01 


003244 — 


0-6241 


40-328 




Mercury - - - 


13-800! 1265-22 


0-03332 - 


0-4596 


42-149 




Antimony 


4-45(y 806^2 


0-06077 — 


0-2266 


40-944 




Silver - - - 


10-474 1351-61 (?) 


0-05669 — 


0-5938 


66-646 (?) 


1-7 (?) 


Tin ... 


7-291 


785-29 


0-06696 — 


0-4148 


41-845 




ArsenlQ ... 


5-760 


47004 


(••08140 — 


0-4689 


38-261 


0^ 


Copper . 


8-257 


395-70 


0-00516 - 


0-7865 


87-849 


0S4 


Zinr - - . 


7ms 


403-23 


009665 — 


0-6723 


38-626 


0-96 


Iron - - - 


7 497 


339-21 


0-11379 — 


0*8475 


88-697 


0-96 


Carbon (Diamond) . 


3515 


76-44 (?) 


0-14687 — . 


0-5160 


12-227 (?) 


0-8 (?) 


Sulphur ... 


1-950 


201-17 


0-20259 — 


0-8940 


40-754 




Phosphorus . 


1-735 


196-14 


0-25142 — 


0-4362 


37-024 


0-94 


Compound Substances. 














Liquids 
Alcfaol . . . 


0-793 


_ 


0-62200 Despretz 


0-4932 






OU of Turpentine - 
Linseed OU . - 


0841 





0*42593 Regnault 


0-3583 






0-940 





0-52800 Kirwan 


0-4963 




1 


Water - . . 


1000 





1-00000 


1-0000 




' 


Muriatic Add . . 


1158 





0-60000 Dalton 


0-6918 




1 


Nitric Acid - . 


1-330 





0-68000 — 


0-9044 






Sulphuric Acid 


1-834 





0-35000 — 


0-6454 






Solids 














Charcoal - - 


0-360 


_ 


0-24111 Regnault 


0-8676 






Oak . - . 


0-677 


. 


0-51000 Mayer 


0-3453 






Ice . - - . 


0-921 





0-90000 Kirwan 


0-8289 






White Wax - - 


0-969 


_ 


0-45000 Gadolin 


0-4361 






Coal - . . 


1-370 


__ 


0-19230Crawford 


0-2630 






Coke - - - 







0-20001 Regnault 








Graphite - - 


2^ 





0-20187 — 


0-4^ 






Crown Glass - 


2-450 





0-20000 Inrine 


0-4900 






Flint Glass - 


2-452 


.:_ 


0-19000 Dalton 


0-6540 






Cast Iron 


7-251 


,_ 


0-1 2500 Desprets 


0-9060 






Brass . . - 


a;aoo 


— 


0-09391 Regnault 


0-7WO 
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GASES. 
(2%tt T<Me w taken Jrom Baumgartner'a NaturUhret 7 Aufi, p. 669.) 



Name. 


4 


i 
J 


c. 

Specific Heat with 

equal Weight 


111 


nsac. 

onstants to the 

tomic Weight 

-24. 


Sis 






CO 


< 


Air=sl 


Waters 1 


^< 




Atino«pheric.Air - 


I 0000 


_ 


10000 


2669 


1-000 






Oxygen . - - 
Hfirogen - - - 
Nlm>gen . . - 


liOS6 


100 


0-9069 


0-2421 


1000 


24-21 


1- 


0-0688 


6 


14-5348 


3-8793 


1-000 


23-28 


0-97 


0-9760 


88 


1-0318 


2754 


1-000 


24-20 


1- 


Carbonic Oxide Gas - 


0^669 


176 


10267 


0-2740 


1-COO 


48-22 




Protoxide of Azotic Gas 


1-5269 


277 


0-8035 


0-2145 


1-227 


59' 28 




Carbonic Acid Gas - 


1-5240 


276 


0-8195 


0-2187 


1-249 


6017 




defiant Gas 


0-9852 


89 


1-7898 


0-4777 


1-754 


42-45 




Steam at 2120 . . 


0-6235 


112 


31360 


0-8370 


1-960 


93-74 





§395. 

The following methods have been adopted for determining the 
specific heat of different substances : — 

1.) By means of mixing them. — According to this mode the 
substance under investigation is ndsed to some particular tempe- 
rature, and is then poured or plunged into an equal weight of 
water or some other fluid. The temperatures of the two sub- 
stances thus mixed or brought into contact after some time 
become equalized; t. e. the free caloric in the two bodies establishes 
an equilibrium. Their mu^al capacities for heat are determined 
by the decrease in the temperature of the hotter body and by its 
increase in tbe cooler. - 

First Expt, If lib. of quicksilver at 32^, and lib. of 
water at 66^, be mixed together, the common temperature 
will be 65^, — The temperature of the metal has there- 
fore risen 33^, whilst that of an equal quantity of water 
has fallen l^. 

Had the mercury been at 66^, and the water at 32^, the 
common temperature of the mass would have been 33^ ; in 
this case the water would have gained 1^ of heat, and the 
mercury would have lost 33^. 

From each of these experiments it- appears that the 
capacity of water for heat exceeds that of mercury 33 times, 
if the former be assumed s-1, the specific heat of the latter 
will be ^=0-033. 
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Second ExpL Throw one pound of iron-filings at 68^ 
info 1 lb. of water at 32^, and the mixture will stand at 
36^ as soon as equilibrium is established. — > That quantity 
of heat therefore, the loss of which lowers the temperature 
of iron 32^, produces a rise in the temperature of water of 
only 4^ ; whence it is evident that eight times as much 
caloric b requisite to raise or depress the temperature of the 
■ water 1^, as would raise or depress the temperature of an 
equal weight of iron l^. Hence we infer the specific beat 
of iron to be J or 0*125. 

Expressing this law in general terms, let M be the weight 
of a mass of water, t its temperature, and C its capacity for 
heat ; let m be the weight of the hotter substance which is 
to be examined, T its temperature, c the capacity sought, 
and T' the temperature of the mass when mixed. 

Then the quantity of caloric gained by the water will be 
MC(T'— «); for it is obvious that the quantity of heat 
necessary to raise the temperature of a body any number of 
degrees must be proportional to its mass and capacity. In 
like manner the amount lost by the body under investigation 
may be expressed by mc (T— T), But as both these 
expressions are equal to each other, 

MC(T'-0 = wc(T-.T'); 
. ^ M(T^-0 , 
•• c"m(T-TO' 

and putting the capacity of water »!, the specific heat of 
the body under investigation will be 

m(T-.T)' 

This method, adopted by De Luc, Crawford, and other 

philosophers, is not altogether free from inaccuracy, as 

during the experiment a portion of the heat is necessarily 

lost by radiation, as well as by conduction to the vessel 

and to the ambient air. 

2.) The capacity of substances is found by observing the 

quantity of ice the body under investigation is capable of thawing. 

This experiment is best performed by placing the substance in a 

calorimeter, and so completely surrounding it with ice. 

The calorimeter (fiff. 111.) consists of a vessel of tin or 
iron plates C, enclosing a smaller one B, and inside this is a 
wire-cage A, intended to contain the substance to be ex- 
amined. The space between the first and second vessels, 
as well as that between the second and third, is filled with 
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Fig, 111. pounded ice. Tlie ioe in the outer 

space prevents the warmth of the 
external air Irom acting on the sub- 
stance within, so that the ice around 
the wire cage is afiected only by the 
heat emitted from the substance 
under investigation, which conti- 
nues to thaw the ice until its own 
temperature is lowered to 32^. 
The water thus generated escapes 
by a cock c ; at the close of the ex- 
periment it is weighed. To obtain 
the specific heat of liquids we must 
^ put them into vessels of known 

specific heat. — The principle on which this apparatus acts is 
this, that melting ice maintains invariably the temperature 
of 32^ Fahr.,and that all the heat applied to it is expended 
solely in thawing it. 

From experiments which will be described in the next 
division of this subject (§ 402. expt. 2. ) it has been ascer- 
tained that 135^ of heat are necessary to melt lib. of ice ; 
whence the mass of M lbs. of ice (equal to the weight of the 
water discharged) melted in the calorimeter must have 
deprived the body in the wire-cage of M times 135° of 
heat. Call the mass of this substance mlbs., its temperature 
above 32° when placed in the calorimeter t°, and its capa- 
city c, then the quantity of caloric it contained would be 
mtc, but m^e = 135M; whence the capacity sought is 

135 M 



ear. gr, 2lb. of iron at 122° in cooling to 32° melts Jib. of 
ice ; whence 

2 X 90 ' 

This method, which was adopted by Lavoisier and La 

Place, is available for solids and liquids ; it gives results more 

accurate than the former, but requires extreme precision in 

conducting the experiment. 

3. ) By eooHng^ the substance. The principle on which this 

method depends is this — that the more slowly a body cools the 

greater must be its capacity for heat ; for it must have parted 

with a greater quantity of caloric, to give out which the longer 

space of time was required. In this case it is hecessary to 

enclose the substance to be examined in a shell which has the 

•Mne constant radiating power. 
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To effcfct this, the body which is the subject of our 
investigations is placed in a pulverized or fluid condition in a 
polished metal receiver (a cylinder of thin silver is best), 
and the time is noted which elapses before it fidls from some 
particular temperature any certain number of degrees. If 
one substance cool as rapidly again as another, then the 
relative heat of the former is only half that of the latter ; 
whence by the preceding section we can readily find the 
specific heat. 

Thb method was first invented by Mayer, it was sub- 
sequently improved upon by Leslie, and has been carried to 
a high degree of perfection by Dulong and Petit. 
The specific heat of gases cannot be ascertained by any one of 
the three methods yet described. Delaroche and B^ard used 
for this purpose Stanford's water-calorimeter, a vessel filled with 
water through which a spiral tube is conducted. The gas to be 
examined is well dried and is then brought from a vessel 
surrounded with boiling water at 21*2° gradually through the 
worm of the calorimeter, from the open end of which it escapes. 
In the course of its passage the gas parts with a portion of its 
caloric to the cold water which surrounds the worm, the tempe- 
rature of this fluid gradually rises until after the lapse of some 
time it becomes stationary. The equilibrium thus established 
between the water and the gas is measured by means of a ther- 
mometer, so that we find both the rise in the temperature of the 
water and the fall in that of the gas. Now, if the experiment 
be repeated with some other gas, and the result shotdd give a 
higher temperature to the water, then this second gas must have 
imparted to the fluid a greater amount of caloric than the former 
one did ; if, on the contrary, the temperature of the water be less 
this time than before, it will have given out less caloric, and the 
respective capacities for heat of these two gases will be propor- 
tional to the temperatures of the water through which they have 
been conducted. If the capacity of atmospheric air be assumed 
as the unit, the specific heat of other gases may be expressed by 
proportionate numbers. 

To raise 1 lb. of water from 32*^ to 212^ we require the 
same quantity of heat as would have raised 4 lbs. of atmo- 
spheric air the same number of degrees, llie specific heat 
of air is therefore }th, or teore exactly 0*2669, that of 
water. 

§ 396. 

The capacity of both solids and liquids is not constant, but 
varies with every change in their density. Their capacity 
increases when the density decreases, and vice versa, whether this 
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variation be caused by mechanical means, or by a rise or &11 in 
tile temperature of the body, but in a less degree than their 
original yalue, that is to say, more caloric is requisite to raise a 
body from 212^ to 213^, than from 32° to 33°. This increase 
in a body*s capacity for heat may be accounted for on the assump- 
tion, that but a part of the heat gained by the body tends to 
elevate its temperature, and that the remainder is consumed in 
effecting the change in its volume. 

Dulong and Petit, found as a mean of numerous experi- 
ments the capacity of 

From 820 to 212° to 572©. 
Mercury ----- 0*0330 0*0350 
Platina - - - - - 0-0335 0*0355 

Antimony - - - - - 0*0507 0*0549 
SUver - '- - - - 0-0557 0*0611 

Zmc 00927 0*1015 

Copper . - - - - - 0*0949 0*1013* 
Iron - . - - - 01098 0*1218 
Glass 01770 1900 

In like manner the capacity of coal and charcoal di- 
minishes as its density increases. Regnault found that of 

Charcoal 0-2415 

Coke from Cannel coal . . - . - 0*2030 
Black lead from gas retorts - . . . 0*2036 
Diamond •-.--.. 0*1468 

The capacity of gases for heat varies in the same manner as 
that of soUds and liquids, viz. it increases when they are rarefied, 
and diminishes when they are condensed ; it diminishes therefore 
when they are subjected to an increased pressure; but these 
variations are not correspondent to the degree in which the con- 
densation or rare&ction obtains. For atmospheric air, for instance, 
acquires only one-tenth greater capacity for heat when its 
pressure is reduced one half, and it must be rarefied 18 times, in 
order to double its capacity ; if the air be condensed this 
capacity wifl be diminished in the same ratio as it was increased 
in by rarefaction. In order to elevate the temperature of any 
quantity of gas 1°, supposing it to be perfectly free to expand, 
and that the pressure on it remains constant, a larger amount of 
caloric will be. needed than if it were constrained by pressure to 
retain its volume unaltered; i.e, in other words, the specific heat of 
gates at a constant pressure exceeds their specific heat when their 
volume is permanent. — Dulong found by experiments based on 
the different velocities with which sound travels in gases of 
diffierent densities, that in the case of the simple gases and their 
compounds, the ratio between their specific heat under the same 
pressure and with the same volume is as 1*421 to 1. 
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I^ now, we assume the caloric required to raise the tempera- 
ture of a certain quantity of gas 1^, its volume remaining the 
tame, as unity, 1*421 will represent the caloric, which would 
produce an equal elevation of t^nperature, if the gas could 
expand freely under its original pressure. Next, let us suppose 
the caloric needed in the latter case to be divided into two por- 
tionsy one of which raises the temperature of the gas 1^, and the 
other 0*421 causes the expansion answering to that particular tem- 
perature. This latter portion of heat must consequently be set 
free again if the gas be compressed as much as it had previously 
expanded itself. I^ therefore, we know the index of any gas's 
expansion, we may from it deduce the quantity of heat which 
will be set at liberty by its compression into smaller limits. 
Now (since § 377.) the index for the expansion of atmosphieric 
air each degree above 329 is jJJq, or 0*002037; its tem- 
perature will be 0*42 IS if it be compressed 0*002037 of its 
volume ; if it be compressed to -j^^th its volume, the temperature 

will be32 + — ^i—r- x 0*421 = 52'7^ ; if to 4 its volume, the 
0*002037 

temperature will rise to 32 + 5x20*7»« 135 '5°. 



§897. 

In the investigations undertaken by Dulong and Petit for 
determining the specific heht of bodies, they at once discovered 
that it appeared to stand in a simple rela^don to their atomic 
weights. (§63.) In the simple substances, with but few excep- 
tions, it was inversely as their atomic weights, so that by 
multiplying these two magnitudes a pretty constant number was 
obtained, which, according to Regnault's latest investigations, 
lies somewhere between 38 and 42. This comes pretty nearly to 
the law laid down by Dulong and Petit, that the cttonuofall the 
simple Bubttances have an equal capacity for heat. Naumann's and 
Regnault*s discoveries have led to the further belief that the 
specific heat of all compound bodies which are composed of an eqtud 
nunier of single atomsy and these combined in one and the same 
manner, is inversely to their specific gravity, or that the products of 
the specific beat of all such bodies into their specific gravities are 
equal. These products evidently ^express the quantity of heat 
which must be imparted to raise the temperature of one atom of 
the particular compound 1° above 32° ; wlience the atoms of the 
elements themselves, as also bodies similarly combined both atomicaily 
and chemically, at equal temperatures contain equal quantittes of 
caloric. 
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We have already sud that Regnault's investigations led 
him to estimate the mean value of the constant for the ele* 
mentary substances at 40, the same philosopher found the 
constant ior the following compounds, viz. : — • 

Oxidst. Sulphuretf. 

BO «70 RS -74 

R»0»=170 R«S*-191 

R0« =86 RS« =129 

Chlorides. Nitric-acid Salts. 

R«C1« = 159 N«0* + R0*S02 

RClSall7 Sulphuric-acid Salts. 

RC1*=:230 S03+RO = 166 

Carbonic-acid Salts. 
CO«+RO = 134. 



In these diemical formulae R stands for the number of 
atoms contained in the base, the other letters are the sym- 
bols generally used to express those particular elements. 
The specific heat of any substance may be estimated approxi- 
mately by dividing the mean constant by its atomic weight. 

Thus, for instance, we find the specific heat of those sim- 
ple substances whose mean constant is 40, as iron, the 
atomic weight of which is 339 (see Table IV. p. 63. Vol. I.), 
4Q : 339=0*118; that of lead, whose atomic weight is 
1294, 40 : 1294=0*0309 ; that of sulphur, whose atomic 
weight is 201, 40 : 201 =0*199. 



§398. 

We have already stated that the capacity of a body for heat 
does not remain constant (§ 396.); it has also been ascertained 
that this capacity may be afifected by various causes. As soon as 
any change occurs in the capacity of any body for heat, the 
equilibrium of its free caloric is disturbed ; if the capacity be 
diminished, caloric is set at liberty ; if it be increased, that heat 
which was sensible becomes latent, and the temperature of the 
substance is lowered. 

The chief causes which Induce a change in the capacity of a 
body for heat are the following : — 

h) A change in iU volume^ which invariably attends every 
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rise or fall in the temperature of a body. (§ S63.) A diminution 
in the bulk of a substance lessens its capacity for heat; pressure 
therefore will have this effect : on the contrary, expansion is 
attended by incr^ised capacity. 

These two results are most perceptible in gases, these 
substances admitting of the most rapid and extreme com- 
pression and expansion. The following experiments may 
illustrate the above remarks : — 

First Expt, Tinder or touch-wood may be ignited 
by the rapid condensation of the ur in the Tacho- 
pyrion. This instrument in the main consists of a hollow 
. cylinder of glass or brass, open at one end but closed at the 
other, its length being ftom. 6 to 10 inches, and its width 
from 3 to 4 lines. An iron rod furnished with a solid 
piston works accurately up and down ; when thrust to its 
utmost it does not quite reach the bottom of the tube. To 
the under side of the piston a little hook is fixed on which 
a small piece of touch- wood is &stened. The piston is 
then worked up and down as quickly as possible, that 
the spark in the tinder may not be extinguished immedi- 
- ately* as the small quantity of oxygen contained in the 
condensed air soon becomes exhausted. Ignition happens 
when the air has been condensed to about one-fifth of its 
original bulk, and as 550 degrees of heat are needed to 
produce combustion in the touch-wood, it follows that 
this quantity of heat is set at liberty by the condensation of 
the air. 

Second Expt, A delicate air thermometer, placed under 
the exhausted receiver of an air pump, sinks as rare- 
faction progresses, and rises again on the re-admission of 
air. 

Gases, powerfully condensed on their efflux from small 
apertures, produce a considerable degree of cold in conse- 
quence of their expansion. 

Third Expt, Procure a cylindrical vessel made of sheet- 
iron, about one line in thickness, so put together as to 
be perfectly air- tight ; let its ends be nearly hemispherical ; 
let it be furnished with a cock, and by means of a con- 
densing pump (§ 187.) condense the air within till it 
amounts to thrice the density of the atmosphere : turn the 
cock so as to allow of the escape of the air, and the cold 
generated by its efflux will be sufficiently great to freeze 
water, supposing the dimensions of the vessel to be not less 
than 6 inches by 18. The hole in the cock should have a 
diameter of not less than half a line. To ensure the success 
of the experiment tie a small hank of cotton, saturated with 
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water to the end of a stick, and expose it to the current of 
air. 

Air condensed, less powerfully than in the above experi- 
ment, produces a degree of cold appreciable by an air ther- 
mometer. 

Hence we see why breath expelled gently from the 
mouth is warm, whilst a strong expiration is cold. 

As liquids are compressible in a very low degree, the con- 
sideration of heat produced by compression is extremely 
difficult, and the results yet obtained are' by no means 
satisfactory. 

It is universally known that solid bodies become hot by 
sudden condensation, as ex. gr. iron when hammered. This 
elevation in their temperature may be regarded, at least in 
part, as owing to their diminished capacity for heat. 

2.) A change in their form of aggregation. Bodies which are 
capable of assuming different forms of ag^egation display 
various capacities for heat, according to the condition in which 
they exist. The molecular forces in operation among the con- 
stituent particles of the body are placed in a new relation to 
each other as regards their intensity (§ 13.), and thus probably 
the susceptibility of the body for beat is modified. 

Thus, ex. gr.,h has been ascertained that the capacity of 
ice for heat is 0-9 ; of water, 1, and of steam, 0-8. This 
specific heat is not to be confounded with that caloric which 
brings about the change of form in tlie body ; that subject 
will be treated of more at length in the next section. 

3.) A charge in the chenUcal constitution of the eubitance. 
When two bodies combine chemically, their aggregate form fre- 
quently undergoes a change ; and even when this is not the 
case, as when two liquids are combined, yet their individual 
properties are altered, and in most instances heat is produced, 
though in others the temperature of the mass is lowered. 

Fourth Expt, Pour sulphuric acid into water; the mix- 
ture will show a considerable elevation in temperature. The 
capacity of the compound for heat must therefore be greatly 
less than that of its component elements. 

A similar effect obtains when water is poured on lime 
(slacking lime). 

If, on the contrary, salt and pounded ice, or snow, be 
mixed together, the temperature of the compound is greatly 
lowered ; hence we infer that its capacity for heat is 
increased. 



▼ot.u. o n 1 
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y. BEAT PRODUCX8 A CHANGE IN THE AGGREGATE FORM OF 
BODIES. 



§399. 

From what Jias already been established, we know that the 
volume of any substance is enlarged by raising its temperature, 
and decreased by lowering the temperature. (§373.) Expan- 
sion weakens the cohesion between the particles ; condensation, 
on the contrary, increases this force. Both these changes can 
however, in many bodies, take place only within certain fixed 
limits ; when they are exceeded, a change ensues in the aggregate 
farm of the body itself. 

The following^ are the most important facts that have been 
observed with regard to this process : — 

When the temperature of a body is. raised, it assumes that new 
form of aggregation in which its cohesion and density are lessened, 
and the repulsive force among its atoms acquires a greater power, 
as compared with the attractive force ; hence solid bodies become 
liquid, and the latter are changed into gases. (Compare § 13.) 
The temperature of the body does not become elevated, in con- 
sequence of the continued application of heat, when the period for 
thb transformation arrives, until the entire mass has assumed its 
new form. 

Hence we are warranted in laying it down as a general law, 
that when bodies pats from the solid to the liquid state, or from the 
liquid to the gaseous, a certain portion of the heat becomes inappre^ 
ciaWe either by our sense of feeling or by the thermometers and the 
portion of heat thus combined with the body in its new form is said to 
be latent. 

Conversely, when the temperature is lowered, bodies assume 
that form of aggregation in which their cohesion and density are 
increased, and in which the attractive force among their mole~ 
cules acquires a greater ratio, as compared with the repulsive 
force ; that is to say, aeriform bodies become fluids, and non- 
elastic fluids are converted into solids. When this change com- 
mences, the depression of- the temperature is suspended ; heat is» 
however, parted with uninterruptedly, until the entire mass has 
acquired its new form of aggregation. 

Hence we deduce, as a general law, that when a gas is converted 
into a liquid, or a liquid into a solid, the same quantity of caloric is 
disengaged as was held in a latent state by the body before its change 
of condition. 
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§400. 

Heat or calorie in the latent state may be regarded as an essen- 
tial element, chemically combined in some definite proportion with 
the atoms of a body ; or we may, if we please, consider the sub- 
stance of the body as soluble in beat We may therefore suppose 
that all ponderable bodies contain certain quantities of caloric in a 
latent state ; that solids have the smallest proportion of it ; non- 
elastic fluids, more than solids ; and gases more than either of the 
other kinds of bodies. When thus latent, caloric loses the power 
of acting externally, and affects neither our touch nor the 
diermometer. 

That heat is spoken of as aennble, which is net chenticdUy com- 
bined with matter, but which is supposed to be attached to it 
merely mechantcaUy, perhaps by adhesion to its molecules : in 
this state heat may exist both on the sur£M;e and in the interior 
of bodies. Again; this sensible heat is not united in certain 
definite proportions, but may be accumulated or diminished in 
any substance to such a degree as will not induce a change in its 
form of aggregation. 

Lastly ; it is free or sensible caloric alone which generates those 
changes in the volume of bodies that have already been noticed. 
It is sensible caloric which is perceived by our sensation, and which 
acts on the thermometer. In consequence of the feeble power 
with which it adheres to the particles of bodies, it is easily disen- 
gaged from them, and is thus radiated from one object to another. 
The exchange of free caloric among dissimilar bodies, at unequal 
temperatures, does not cease when they have all received an equal 
amount of it ; but rather, when each object Contains so much as 
is equivalent to the force with which it is attracted by the parti- 
cular particles of the body. Hence the reason why different sub- 
stances have different capacities for heat, understanding this to 
refer merely to sensible heat. 

§401. 

The change of solid bodies into liquids is termed fusion or 
me&ing. The temperature at which this happens varies in differ- 
ent substances. It is of extreme importance, in many of the arts, 
to know precisely the point at. which certain metals are fused. 
Some readily pass from the solid to the liquid state ; others, not 
until they have been raised to a white heat (1.) ; and some few 
metals, and other solid bodies, have not yet been reduced by the 
most intense heat to which they have been subjected (2.). Al- 
loys (§ 66.) generally melt at a temperature below that at which 
their component elements are fusible. Many metals are reduced 
more easily by the addition of tome siibstance of this kmd (hence 
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termed a flux)y than when aeted upon by heat in their pure 
state (3.). Many bodies, before they become perfectly liquid, 
are rendered soft, and in this state may be intimately united with 
each other ; metals which possess this property are said to be 
capable of being welded. It is extremely difficult to determine 
precisely the point at which these substances are fused : this is not 
the case with such as pass instantaneously irom the one condition 
to the other (4.). Some bodies evaporate on attaining a certun 
temperature, passing off at once into the gaseous form, without 
going through the intermediate state (5.). Lastly ; others, chiefly 
of the vegetable kingdom, when heated in the atmosphere to a 
certain temperature, without becoming liquid, combine with the 
oxygen of the air, and thus form gases developing both heat and 
light ; these substances are termed combusHMea, (§ 77. ) 

1.) The point at which, those bodies fuse that do not 
readily peld to the action of heat, has not yet been deter- 
mined with certainty, on account of the unsatisfactory cha- 
racter of the pyrometric means which the existing state of 
science enables us to employ. (§ 372.) The following table 
gives the point at which certain of the metals most c^cult 
of reduction are fused : — 

3082° Fahr. 1 



Flatina fuses at 
Wrought iron 

Steel 

Gold 

Ctot iron, grey 



Clarke. 
Vauquelin. 



Cast iron, white 

Copper - 
Brass 
Silver - 



► Pouillet 



Daniell. 
Pouillet. 



2912 

{25.52 
2372 
2192 

{2192 
2012 
r20l2 
11922 
1922 
1859 
1832 

The following are the principal metals that admit of being 
readily fused : — 

i700 
7U5 
590 
592 Guyton Morreau. 

509 Ermann. 

477 Irvine. 

480 Crichton. 

512 Guyton Morveau. 

442 Crichton. 

433 Ermann. 

Sodium - - - ~ 1941 Gay Lussac and 

Potassium - - 162 J Th^nard. 
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Murray. 

Guyton Morveau. 
Irvine. 



Bismuth 



Tin 
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Of the metalloids, the following may be named : — 
Sulphur melts at - 226 Dumas. 

Phosphorus - - 100 Murray. 

2.) Among those bodies whicli are not reducible by heat, 
to the liqtdd state, are reckoned the pure earths, as calcium, 
aluminum^ barytes, strontium, &c. In the intense heat 
generated by the confibustibn of oxygen and hydrogen, the 
unreducible metals, iton atid platina," and several of the 
earths, at least in minute quantities, have been fused. Using 
the degree of light emitted as an approximate measure of 
the degree of h^t, we may estimate the point of fusion at 
which these substances are rendered fluid in the combustion 
of oxyhydrogen gas, or by a galvanic current, at about 
3272°. 

3.) Of the alloys which liquefy at a much lower tempera- 
ture than their constituent metals, it will suffice if we give 
one or two instances. A solder, consisting of 4 parts of lead 
and 6 of tin, fuses at 336° ; and fusible metal, an alloy of 
6 parts of bismuth, 5 of lead, and 3 of tin, liquefies at a 
temperature below that of boiling water. An alloy of 497 
parts of bismuth, 310 of lead, 177 of tin, and 26 of mercury, 
melts at 162j°. 

First Ea:pt. Place a thin strip of the last named alloy in 
water that is almost boiling hot, and it will soon begin to 
melt in drops like wax. 

3.) Among the fluxes used to accelerate the fusion of 
refractory metals, we may mention fluor spar. Pure iron is 
unreducible in the heat of the strongest furnace, but on com- 
bining with carbon, it is converted into • steel, which, with 
the addition of phosphorus, silicium> and other substances, 
renders cast iron fusible. The fusion of silver is expedited 
by the addition of borax. 

A peculiar variety of flux exists, itself capable of burning 
when there is an adequate development of oxygen, and at 
the same time generating so much heat, that sinall masses of 
the refractory metals, such as copper and silver, are melted 
by it. A flux of this kind may be made of 3 parts of salt- 
petre, 1 of sulphur, and 1 of sawdust of some hard wood. 

Seeond'Expt. Fill a nutshell with the flux just described; 
on the top lay a small silver coi^ ; light the mass, and during 
combustion the coin will melt As this powder does not 
ignite readily, it will sometimes be found advisable to sprin- 
kle a little gunpowder on the top. 

4.) Substances which become soft before they melt, and 
which pass from the solid to the liquid state, are ve»y nume- 
rous. Many of them are of organic origin, and their point 
o 3 
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of fusion is below the temperature of boiling water. Some 
of those which are of general utility, in a technical point of 
view, are named below : — 

Colophony begins to melt at - - 275^ 

Wax, brown - - - - - 110 

Wax, white 124 

TaUow 104 

Pitch 91 

The metals which most readily admit of being welded are 
platina and iron ; at an incipient white heat, 2372^, they 
become soft, and in this state portions of the metal may by 
pressure be made to unite intimately. The technical utility 
of these metak is greatly enhanced by their possessing this 
property. 

5.) Arsenic, iodine, and camphor maybe mentioned as 
instances of bodies that pass off in fumes on the application 
<^ heat. 

Third Expt. A little piece of camphor placed in a metal or 
earthenware spoon and held over the flame of a spirit-lamp, 
soon passes off in the form of vapour. 

Fourth Expt. Heat a small portion of iodine in a glass 
tube, about \ an inch or an inch in width, it will not be 
converted into a liquid, but will pass off in beautiful violet- 
coloured fumes. 



§402. 

Whilst a body is actually fusing, no rise in the temperature 
takes place, however large the additional quantity of caloric may 
be that is imparted to it The increased heat is consumed in 
accelerating the process of fusion. The heat added to a melting 
substance to bring about liquefaction (§ 399.) is retained by it 
in a latent condition ; the quantity of caloric thus ma^e latent 
varies in different bodies. 

Mercury contains 157° of latent caloric. 

Water' - - 135 — 

Tin - - - 24 — 

Lead - - io| — - 

The knowledge we possess as yet concerning the quantity 
of latent heat in bodies in a state ef liquefaction is extremely 
defective, as the results arrived at with regard to the small 
number of substnnces yet investigated are far from certain. 

The fallowing experiments will illustrate the existence of 
latent heat in water under certain conditions : — 
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First Expt, Plunge a thermometer in snow that is at a 
temperature below 32^, bring both into a warm room, and 
the thermometer will immediately rise ; the free caloric in 
the surrounding atmosphere is taken up by the snow, and 
causes the mercury to rise ; this portion of the caloric is 
consequently sensible. — As soon however as it has risen to 
32^, the mercury is stationary, and so it continues until all the 
snow is converted into water, notwithstanding the additional 
quantity of heat absorbed by it; all this latent caloric b 
expended in liquefying the snow. — Hence we see the 
utility of making the point at which snow melts one of the 
extremes of the thermometric scale, as also why the tempe- 
rature continues stationary. 

Second Expt. If 1 lb. of water at 167^ and 1 lb. at 32^ 
be poured together, we shall have (§ 393.) 2 lbs. of water at 
looo. — Pour 1 lb. of water at 167° on 1 lb. of ice at 32°, 
and you will have 2 lbs. of water at 32°. — All the free 
caloric of the hot water has been consumed in melting the 
ice, and from this experiment it seems that water contains 
135° of heat in a latent condition. 

Of all known substances water has the greatest capacity 
for heat (see Table XI.), and in consequence of the great 
quantity of latent heat which it contains, it is a most 
powerful agent in equalizing the temperature of places on 
our earth. In consequence of this fluid's being distributed 
in so large a proportion over our planet, it is capable of 
moderating the intense beat of one part and reducing the 
extreme cold of another ; in the former case by appropriat- 
ing to itself a large portion of the caloric that is set at 
liberty, when a rise in temperature happens, and in the latter 
by giving back its heat when the temperature fells ; hence 
we see why the variations in climate are less on the sea-coast 
and on islands than upon large continents, and especially in 
their interior. The temperature of the air under the line 
scarcely varies 4° throughout the year above that of the 
ocean : that of the water fluctuates still less, ranging between 
80° and 81°. The influence of heat in its latent and free 
conditions is still more strongly shown in the thawing and 
freezing of ice in the colder regions. If water froze when 
the temperature fell to 32° without giving out its latent 
heat, all our rivers and ponds would be converted into ice 
on the fall of the temperature to 32°, but as water in freezing 
parts with such a quantity of latent heat as is suflficient to 
raise a mass 135 times greater than itself 1°, but a small 
portion becomes frozen at once, and a far larger portion at 
the very same time becomes warmer. As water becomes 
^eciflcally lighter at a temperature less than 38}° (Tab. 
o 4 
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VIII. Vol. I. p. 185.), it obeys the hydrostatic law and rises 
to the surface, where a coating of ice first forms itself, through 
which, as ice is a bad conductor, the free caloric can with 
difficulty penetrate. Under a mean latitude the thickness of 
ice never exceeds from 1 to 3 feet ; under higher latitudes it 
is not more than from 3 to 6 feet, and even in the coldest 
regions it is not more than from 10 to 12 feet. Lakes ai|l 
seas whose depth exceeds these dimensions are therefore never 
frozen to the bottom. When the ice thaws we derive an 
opposite advantage from this property of heat. Were not so 
large a portion of caloric rendered latent during the process 
of thawing, the entire mass of ice and snow would be 
dissolved an soon as the temperature rose above 32°, and 
the most fearful inundations would ensue ; in line, but for 
the latent heat of water the variations in temperature to 
which the earth would be subject would render it altogether 
unsuitable for the habitation of man. 

The application of heat from an external source is not always 
indispensable in order to liquefy solid bodies : many substances 
undergo this change of form if they merely come in contact with 
a liquid. Nearly all the crystallized salts possess this property. 
If a mixture be made of one of these salts with snow, or with 
some other liquid, the actioh of these substances on each other 
will convert one or both of them into liquids, one portion of 
their free caloric being consumed in effecting this change, as also 
part of the heat of the vessels containing the mixture. The 
consequence is, that the greater the degree of cold generated 
during the liquefaction of the mixture, the more quickly will the 
liquefaction be brought about, and the greater will be the 
quantity of heat taken up and rendered latent by the substances 
composing these /reeztn^ mixtures. 

The following experiments will serve to illustrate the 
principles laid down above : — 

First Expt. Place a thermometer in a glass, into which 
throw some finely pulverized sulphate of soda (Glauber's 
Salts) and some chlorate of ammonia, or nitrate of potassa 
(saltpetre). — Shake the mixture and the thermometer will 
indicate a considerable depression of the temperature. 

Second Expt, One part nitrate of ammonia and 1 bf 
water at 5QP mixed together produce a cold of 5® ; or 5 
parts of chlorate of ammonia, and 5 of nitrate of potassa, 
with 10 parts of water at 50°, lower the temperature 
to 10°. 

These salts may be crystallized again, and they will be 
equally available for use. , 
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Third Expt Five parts of hydrochloric acid poured on 
8 parts of freshly pulverized sulphate of soda reduce the 
temperature from 50® to 1°. 

Water placed in thin glass vessels or tubes, and set in the 
mixtures named in this and the preceding experiment, is 
very quickly converted into ice. 

Fourth Expt. One part of snow or pounded ice and 
1 part of chloride of sodium (common salt) reduce the 
temperature from 32® to 1®. 

Fifth Expt, Two parts of snow and 3 of finely powdered, 
crystallized chloride of calcium generate a cold of— 49® 
In this freezing mixture mercury, liquid ammonia, and aether 
will crystallize. 

Thilorier produced an extreme degree of cold by mixing 
solid carbonic acid with sulphuHc acid or sulphuric aether ; 
its intensity was such that it was equal to from ~ 110® to 
— 121®. Mitchel on repeating the experiment found that 
alcohol of 0-798 specif, grav. at — 130® acquired the consist- 
ency of oil, and at — 146® it resembled melting wax. 

To ensure success in performing the experiments de- 
scribed above, the following particulars must be observed :-— 

1.) The salts must not have lost their water of crystal* 
lization, because in that case if they are so completely dried 
as to be in a state of efflorescence (§ 75.) they absorb so 
readily the first portion of water and convert it into crystal- 
lized ice, that a considerable quantity of caloric is thereby 
set free ; sulphate of soda is a salt that effloresces readily. 
2.) The salts must be finely pulverized tlyit they may 
dissolve in the fluids as quickly as possible. Above all, care 
must be taken that, 3.) Too much heat is not communi- 
cated from without, by means of the vessel containing the 
mixture. To guard against this, a sufiicient quantity of the 
ingredients must be used ; and if the temperature of the 
ambient air be not low enough, and if it is further desirable 
to maintain this extreme degree of cold in the mixture for 
some length of time, it is necessary to fill a large vessel with 
some freezing mixture and to place in it a smaller vessel also 
filled with the frigorific substances, setting in this inner 
vessel the particular substance we wish to freeze. The large 
outer vessel should be made of some bad conductor, such as 
wood, clay, or the like ; but the inner one in which the cold 
is to be generated should be made as thin as possible and 
of a good conductor. — Walker adopted the following neat 
contrivance for freezing water. His apparatus consisted of 
a wide tin cylinder with thick sides, enclosing a second 
with thin sides of equal height with the outer one. The 
second vessel consisted of two concentric cylinders fastened 
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together at the bottom; in the space between these be 
placed the water, or whatever substance he wished to expe- 
riment on, and as he filled the innermost cylinder as well as 
the space between the first and second cylinders with the 
freezing mixture, the water or other substance was evidently 
enclosed completely by it. The firigorific mixture employed 
was that composed of chlorate of ammonia and nitrate of 
potassa and water given under the second experiment in 
this section. One advantage arising from using this compound 
is, that if the salts be dried by evaporation they will do for 
service again. 

The greatest natural cold observed is that noticed by 
Prof. Hansteen, between Krasnojarsk and Nishne-Udinks, in 
55^ N. lat, which he states amounted to— 55*^ ( R. ?) = -. 
91} Fabr. Such extreme cold is, however, not permanent at 
any point of the earth's surface, though at Jakutsk tbe 
mean temperature for the month of December is as low as 
— 44^^ Fahr. In the year 1828 the cold at this place was as 
low as— 58° Fahr. from the 1st to the 10th of January. — 
The Russian army in their expedition to Chiwa endured on 
the Kirgesian steppe for several days together in December, 
1839, a cold of -41| Fahr. 



§403. 

SdidiJicatMn is the condition exactly opposed to liquefaction ; 
it is the state assumed by liquid bodies on parting with their free 
caloric. Without adhering rigidly to this rule, it may be observed 
that generally we use the term solidification when we speak of 
such fluids as become liquid at a temperature higher than that of 
freezing water, and freezing when we speak of such as become 
solid at a point below 32^. Most substances in passing into the 
solid state crystallize, if under circumstances favourable to this 
process, and many acquire a considerable increase in volume. 
According to the nature of things, the temperature at which 
bodies become solid is precisely that at which they liquefy. To 
this general law there are several anomalous exceptions. This is 
usually the case if the fiuid which is passing into the solid form 
be in a state of perfect repose ; and, conversely, no difference in 
the temperatures is found to occur if the fluid be agitated. As 
soon as solidification commences, a quantity of caloric is disen- 
gaged equal to that which was taken up by the body when it 
was converted into a liquid. 

The following experiments will serve to confirm the 
truth of the above remarks : — 
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First Expi, Immerse the bulb of a thermometer in a 
glass of water, on the surface of which a thin film of oil has 
been poured, and expose the whole to a severe cold in the 
open air. The water continues in a fluid state, even when 
iis temperature has fiEillen to 10^ Fahr., provided it be not 
shaken. If, on the contrary, it be agitated, or if a piece of 
ice be dropped into the vessel, solidification commences 
immediately, and the temperature rises to 32°, at which 
point it stands till all the water has been converted into ice. 
The water consequently must, during the formation of the 
ice, have given out so much heat as suffices to raise the 
thermometer up to 32*^. The above property was first 
observed by Fahrenheit. 

Second Expt, Into a flask of thin glass throw 51 parts of 
sulphate of soda and 49 of water, so as about to fill two- 
thirds of the flask. Boil this mixture, and cork the bottle so 
as to make it air-tight at the moment when ebullition begins, 
and you will obtain a pretty good vacuum above the solu- 
tion. The solution will retain the fluid form, even afler the 
temperature has fallen below the point at which crystalli- 
zation ought to have commenced, if the flask be kept in a 
steady position. Withdraw the cork, and, if necessary, drop 
in a small piece of the salt, in a crystalline form, and the 
entire mass will be instantly converted into a solid, at the 
same time a perceptible rise will take place in the tempera<r 
ture, which may be measured' by immersing the bulb of a 
thermometer into the fluid. 

Third Expt, Insert a thermometer into a saturated solu- 
tion of sulphate of soda in water, to which add some pure 
alcohol. At the same moment a part of the salt will be 
crystallized, and the thermometer standing in the solution 
will give the measure of the heat which has been liberated. 

The freezing points of some of the most important liquids 
are given below. 

Water freezes at - - - 32^ 

{27-41 Despretz. 
26*82 Ermann. 
23 OO Parrot 
23-55 Berzelius. 

Ditto, 1*84 spec. grtv. - 11*66 Bellani. 

Nitric acid, of 1*3 spec. grav. - —2*20 Dalton. 

Ditto, concentrated - - —49*90 Parry. 

Oil of turpentine, rectified - —16-60. 
T^ r-31to-39*2Ross. 

^^""'y - - - |-40*9Pouillet. 
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Hydrochloric acid, below - — 40 Pouillet 

Sulphuretted carbonic acid - —49 Parry. 

Sulphuric asther - - - 146 Mitchell. 

Alcohol - . . - 148 (?) Thilorier. 



§404. 

Non-elastic fluids, and many solids in a state of fusion, when 
their temperature rises, acquire an increased repulsive force 
among their molecules, and assume the gaseous form. The 
peculiar undulatory movement of the liquid, caused by the 
ascent of the elastic fluid that is generated, is called ebullition or 
boiling, and the gas is termed a vapour or steam. 

The boiling point, or the temperature at which ebullition com- 
mences, varies in different fluids, and, indeed, in the same fluid 
according to the pressure to which it is subjected. This pressure 
is principally caused by the atmospheric air, and by the aqueous 
vapour it contains ; in a less degree it is owing also to the weight 
of the superincumbent strata of the fluid itself. 

When the expansive force of steam exceeds this pressure, 
ebullition begins throughout the mass. 

First Expt, Half fill with distilled water an extremely 
thin glass, which place in a sand bath, to avoid the risk of 
*he glass flying : place the whole over a spirit lamp, im- 
mersing the bulb of a thermometer in the water; the 
thermometer will rise continually as more and more heat is 
imparted to the water. After some time a quantity of 
minute bubbles will be seen to attach themselves to the 
sides of the vessel, then gradually to rise to the surface of 
the water, and immediately vanish. These are in fact the 
gas contained in the water, principally indeed atmospheric 
air, which disengages itself from the heavier fluid as the 
temperature rises. (See § 57. Second Expt. ) As the mercury 
rises towards 212^, fresh air-bubbles ascend, principally from 
the bottom of the glass to the upper strata, which, not being 
yet raised to a sufficient temperature, receive additional 
heat from these bubbles, until at length a perfect equality is 
established in the temperature of the fluid. Steam then 
begins to be generated, the formation of which may be 
known by a peculiar hissing sound, which just precedes the 
ebullition of the liquid. Lastly; when the entire mass of 
water has attained the requisite degree of heat, larger and 
larger bubbles of steam rise to the surface, where they burst 
and produce the undulatory movement known as ebullition. 
This last stage of the process is reached when the ther- 
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mometer has risen to 212^, beyond which point it does not 
ascend, whatever the additional quantity of beat imparted, 
the continued application of which will diminish the water 
until it shall have completely disappeared. On this fact, the 
fixity of the boiling-point of the thermometer depends. 
(§366.) 

The boiling points of some of the most important liquids, 
and that of certain solids, when in a state of fusion, are 
given below, the altitude of the barometer being 29*92196 
inches. 









Fahr. 


Sulphurous acid boils 


at 


. 


14° Bussy. 


Muriatic lether 


- 


. 


54 Gehler. 


Nitric sther 


- 


- 


69-8 Dumas. 


Sulphuric sther 


- 


. 


95 Munke. 


Acetic lether 


. 


. 


165-2 Dumas. 


Alcohol, absolute 


. 


. 


1731 GayLussac. 


Water, pure 


- 


- 


212 


Vinegar, common 


. 


. 


212 MoUerat 


Hydrochloric acid 


- 


- 


220 Bineau. 


Nitric acid, spec. gr. 


1-42 


. 


249.4 Dalton. 


Oil of turpentine 


. 


. 


312-8 Dumas. 


Sulphuric acid, common 


- 


550-4 Davy. 


Linseed oil 


- 


- 


600-8 Murray. 


Mercury 


. 


. 


680 Mitscherlich. 


Camphor 


. 


. 


219-2 Dumas. 


Iodine 


. 


- 


347 Dumas. 


Phosphorus - 


. 


. 


554 Mitscherlich. 


Sulphur 


- 


- 


600 Mitscherlich. 



With regard to the temperatures given above, as express- 
ing the boiling points, these vary according to the purity of 
the liquid; thus, ex, gr., solutions of salts boil at higher 
temperatures than water does ; mixed fluids in like manner 
boil at different temperatures, according. to the relative pro- 
portions of the substances composing ^e mixture. In many 
solutions of this class ebullition is attended with such 
violent jerks, that the thermometer can with difficulty be 
kept steady. Legrand observes that this inconvenience may 
be remedied by dropping a small piece of iron or zinc into 
the boiling liquid. Should this not abate the violence of the 
disturbance, drop in a piece of platina or glass. 

One remarkable phenomenon connected with these fluids, 
and especially with water, is, that if placed in minute quan- 
tities on red-hot plates they do not boil, nor yet do they 
evaporate quickly, but, as the metal begins to cool, they 
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assume a globular figure, and begin a rotatory and oscillating 
movement, during the continuance of which the process of 
evaporation is carried on much less rapidly than during 
ebullition. When the metal has cooled down to a still 
lower degree, the liquid boils with great violence, and is 
dispersed in every direction. These phenomena were first 
noticed in 1797 by Leidenfrost, and may be verified by the 
performance of the following experiment : — 

Second Etpt, Heat a platinum or silver spoon to a red- 
heat, by holding it over a spirit-lamp, and, through a 
tobacco-pipe or glass tube, conduct a drop of water on to 
the hot metal. The liquid will assume a globular form just 
like a drop of mercury, and will begin to revolve with great 
velocity, without boiling, during which process its volume 
will very slowly diminish. Remove the lamp, and the spoon 
will cool till in a little while it will fall to a temperature at 
which the drop of water it contains will either boil fiercely, 
or will fly apart with a small explosion. Dr. Bottger first 
remarked the stellated forms of the drop at the commence- 
ment of its gyrations, the size of the drop at the time being 
about half an inch. The excursions it performs resemble 
the curves described by the luminous speck in the kaleido- 
phon (§ 214.), and show plainly that the molecules of the 
fluid are in a state of vibration. 

Up to the present time these phenomena have not been 

quite satisfactorily accounted for ; as far as regards the 

oscillatory movement they warrant the inference that the 

phenomena of heat are a consequence of the vibrations of 

the aether and of the constituent particles of bodies. 

The more the pressure at the surface of any fluid is increased, 

the higher does the boiling point ascend ; on the contrary, the less 

this pressure, the lower the point at which ebullition begins. It 

is owing to the atmospheric pressure that many liquids exist as 

such at ordinary temperatures ; we may cite, as instances, alcohol, 

the various kinds of lether, &c. 

Experiments 1 and 2. (§ 196.) may serve to confirm the 
above statement. The boiling of water or spirit of wine in 
the teater hammer and in the pulse glafs, on grasping either 
of these instruments with the hand, is owing entirely to the 
atmospheric pressure being removed from the surface of 
the fluid. The former of these two instruments has been 
described already in § 140. ; the latter is merely a tube of 
glass, having a bore al)out 2 lines in diameter, but at right 
angles at each end, and expanded into two bulbs about 
1^ inch in diameter. The instrument contains so much 
water or spirit of wine as suffices to fill the connecting 
tube and half of each of the bulbs, the space above the 
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Heat of Barom. 


Boiling Point 


17^ in. 


1 87.70 


20^ 


190 


^^iSi 


194 


21jj 


198 
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fluid4>eing a vacuum ; if one ball be grasped in the hand 
the liquid in the other will begin to boil violently. 

The diminution in the atmospheric pressure is the occasion 
of water*s boiling on high mountains at a temperature which 
is lower, just in proportion to the elevation of the moun- 
tain, or, what is the same thing, to the barometric altitude. 
(§ 202. ) The following little table will exhibit at one view 
the boiling point of water at some of the principal ele- 
vations : — 

Station. Height in feet. 

Mont Blanc - 15773 
Peak of Teneriffe 1 1936 
Quito - 9485 

Hospice of St. Bernard 8173 

At such considerable elevations the heat of water boiled 
in open vessels is not sufficient to soften animal fibre, for 
which reason the inhabitants of these regions use Fapin's 
Digester to prepare nutritious food. This apparatus con- 
sists of a close metal vessel, provided, for the sake of safety, 
with a valve to allow the escape of the superabundant steam. 
The accumulation of steam increases the pressure on the 
surface of the water, and thereby prevents its ebullition 
until a higher temperature has been arrived at than can be 
attained in the open air. 

As the elevation of a place above the level of the sea may 
be foimd by knowing the amount of the atnlospheric pres- 
sure (§ 202.), and as the point at which water hoils will be 
lower the less this pressure, it follows that its amount may be 
determined from the height of the boiling point Hence the 
truth of Wollaston's experiment for using the thermometer 
as an instrument for measuring altitudes. If the tempera- 
ture at which water boils = t^ Cent., the height cf the 
barometer in metres may be foimd by the fortnula : — 

• log. b = ^9 -945371 . t_ 2-2960374. 
^ 800 + 3 < 

Lastly ; firom the above we see why, in determining the 
boiling point of a thermometer, reference is always had to 
the height of the barometer at that time, and consequently a 
correction is necessary if the mercury be above or below the 
standard height. (§ 371.) For every line above 28 Paris 
inches the scsJe must be shortened OOOll of its length from 

* NoTB. The formula in English standards may be found in Tredgcdd on 
the Steam Engine, p. 59. thus: — 
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the zero towards the boiling point, and for every line below 
28 inches it must be similarly lengthened. * 
The temperature of a liquid which is boiled in an open vessel 
does not rise, whatever the additional quantity of heat imparted 
to it. (This fact has been already noticed in the experiments 
described above. ) As in the case of a melting body, so in the 
present instance, the excess of heat beyond what is requisite to 
produce ebullition is taken up by the steam. (§ 399.) The quan- 
tity of this latent heat varies according to the nature of the fluid. 
Hence we see why it is practicable to boil water in 
paper, without the latter being burned ; also, why a tin 
kettle is not melted when placed on burning coals, it' it con- 
tain some water. 

To ascertain how much caloric any fluid combines with 
itself in a latent state on being converted into steam, we 
must adopt a mode of procedure very similar to that by 
which we found the specific heat of gases. (§ 395.) Acer- 
tain weight of the fluid we wish to examine must be con- 
verted into steam, in a vessel from which a tube passes in a 
spiral form, into a condensing vessel filled with cold water, 
llie steam in' its passage through the worm parts with all 
its latent heat, and the consequent elevation of the tempera- 
ture of the water in the condenser, enables us to calculate 
the heat given out by the steam to the water. Thus, 
suppose that the condenser contained 15 lbs. of water at 
54^, then the steam from one lb. of the fluid, in passmg 



or by logt. thus, 

log. *«6 [log. (*+100)-2-2479733}. 
Let<o=a200O, 

then log. 300==.2*4771213 

— 2-2479733 

•2291480 

6 

1-374880 

log. i«23-707 in. 

Again; take <Oa2120, 

then log. 3120-i2*4941546 

— 2-2479733 

-2461813 

6 



1-4770878 



^==29*998 inches. 

» Note. The correction for Fahrenheit's scale is 0*001 of the intenral be- 
tween the boiling and freezing points, for every tenth of an inch the barometer 
is above or below 29*8 English Inches. 
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through the worm, would raise the temperature about 70|o, 
the water would therefore stand at 1 24j<*. The water which 
had been converted into steam must therefore have given to 
these 15 lbs. of water in the condenser 15x73|»1061^<* of 
heat ; whilst the steam reconverted to the liquid form has a 
temperature of 70j^, and must therefore have parted with 
212<^— 124jo = 87J°. Subtract the heat lost by the steam 
ffom that given out to the water in the condenser, and the 
difference 10611—87^=974° will be the latent heat of the 
steam. 

The results obtained by the method described above, as 
determined by various philosophers, fluctuate between 954° 
and 1000° ; the mean, as estimated by Despretz and Ure, is 
generally assumed to be correct, viz. that steam at 212° 
contains 972° of latent heat, — If then we take this as the 
value, it follows by the law of the equilibrium of tempera- 
ture in similar bodies (§ 393.), that 1 lb. of steam at 212° 
would raise 5 '4 times that weight of water from the freezing 
to the boiling point, for 972 = 5*4 x 180, or it would raise 
972 lbs. of water from 32° to 33°. Now since 1 lb. of ice 
requires 135° of heat to convert it into water of the tempera- 
ture of 32° (§ 402. Second Expt), it follows that water 
requires exactly 7| times as much heat to change it into 
steam at 212°. 

As a general expression, let M represent the mass of water 
in the condenser, and T its temperature, m the mass of fluid 
to be converted into steam, and t its boiling point ; lastly, 
f the temperature obtained by the equalization of the tem- 
perature of the two masses of fluid ; then the latent heat x 
of a unit of the steam may be found from the following 
equation : — 

m(t^i') + mx=M(t'^V); 

by transposition, 

m 

Dr. Brix, of Berlin, has recently carried on a series of very 
nice experiments, which have given for some fluids values 
differing considerably from the generally received values as- 
signed them by Ure ; the results arrived at by these two 
philosophers are exhibited below in a tabular form. 
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Ure. Bri«. 

Water ..." - 967*^ 972°^ 

Acetic acid (spec. gr. 1 •007) 875 — 

Ainmonia (spec. gr. 0*978) 837 — 

Nitric acid (spec, gr. 1 -494) 534 — 

Alcohol . . - - 442 (^?? 
8. gr. 0.825 I ^^^ 

(s. gr. 0-798) 
Sulphuric sther - •p 302 162 

(8. gr. 0-726) 
Oil of turpentine - - 178 155 

(8. gr. 0-867) 



§405. 

Liquids and some solids undergo an imperceptible change at 
their surfaces, by which they are converted into vapour. To thi» 
process the name of vaporization has been given; there is no fixed 
point at which it commences analogous to the boiling point or 
the point of fusion. Evaporation is carried on at various tempera- 
tures, and even under an extreme degree of cold. The counter- 
pressure of a similar gas, as we shall presently see, is the only 
force that suspends the continuance of the process. 

First Expt* Fill a vessel with water, spirit of wine, 
sther, or any similar liquid, and place it in the open air ; 
after some time the fluid will become sensibly less, and at 
length it will entirely disappear. The same will happen if 
camphor, carbonate of ammonia, or some such solid, be ex- 
posed to the action of the atmosphere. — Vapour has been 
observed to rise from mercury when at a temperature of only 
14° Fahr., by holding a piece of gold-leaf just over the 
mercury, and the former has been covered completely with 
mercurial vapour. 

But if substances which emit vapour from their surfaces^ 
be enclosed in an air-tight glass, it has been found that they 
give out only such a portion as the enclosed air is capable of 
containing, and that the counter-pressure of the vapour 
already formed checks the production of any additional 
quantity at the sur&ce of the evaporating body.. 

Evaporation may be accounted for thus : — Every body, 
-whatever the intensity of the cold to which it is exposed, 
contains a certain quantity of heat ; the repulsive force sub- 
sisting between its component particles is neutralised or 
altogether destroyed by the predominant attraction in the 
interior of the body :' but at the surface no such resistance is 
met with ; and the particlef so situated ac^wre $uch an ex- 
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pauftive force, in consequence of the heat imparted to them, 
* that they overcome the cohesive attraction ; and separating 
themselves from the other particles, they pass off into gas. 

We can conceive that for every substance whatever there 
exists some temperature so low, that the expansive force 
generated at the surfece by the agency of heat is neutra- 
lized by the cohesion of the body, this will consequently 
be the limU to its evaporation. 

From the above explanation it will be seen, why solid 
bodies, whose cohesive force greatly exceeds that of fluids, 
generally speaking, evaporate much less than they ; and why 
under both forms of aggregation, bodies evaporate with 
greater or less readiness, according to their different degrees 
of cohesion. For the same reason it is obvious why, in 
the majority of solids, evaporation is altogether suspended, 
and of many the weight and form continue unchanged for 
centuries. 

Many solids do, however, ke^ up an uninterrupted 
evaporation, as may be provedjexperimentally. A piece of 
ice, if exposed to the severest cold, will daily lose something 
in weight The odour diffused by some substances demon- 
strates indisputably that they emit a vapour ; thus, ex. gr., 
many metals have a very peculiar smell. The vapours thus 
diffused from solids must be immeasurably finer than the 
rarest air, as many odorous substances (musk, for instance) 
(§5. 5.), after the lapse of several years, do not lose such a 
portion of their weight, as is appreciable by the most delicate 
balance. 
Vaporisation, which in its effects is precisely identical with 
boiling, is excited in fluids the more intensely the lower the 
temperature at which they boil. It is, however, accelerated still 
more, by elevating the temperature of the fluid, and by increasing 
the extent of its surface. The rate of evaporation is also raised by 
the dryness and rarity of the air, as also by frequently changing 
it by means of currents. 

The quantity of heat which vapours combine in a latent form 
in the course of their formation, is exactly equal to that which 
the fluid absorbs during its conversion into steam by boiling. 
The fluid derives a portion of this heat from itself during the 
process of evaporation, and part it draws from the bodies with 
which it stands in contact; the temperature of both will therefore 
be lowered. A degree of cold is accordingly produced, resem^ 
bling that which obtains when salts are dissolved (§ 402.), which 
ivill be greater or less as the evaporation is more or less rapid. 
An extreme degree of cold may, indeed, be generated by this 
aeai^ 

p 2 
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The following experiments will confinn the truth of what 
has been just adyanced : — 

Second Expt. Wrap some muslin, cotton, or wool, round 
the bulb of a thermometer, and plunge it in spirit of wine, 
sulphuric eether, or sulphuretted carbonic acid; as the 
envelope dries by the evaporation of the liquid with which 
it is saturated, the temperature of the thermometer fells. 
The mercury will descend still more rapidly if the thermo- 
meter l)e moved quickly to and fro through the air, or if a 
current of air be directed on the bulb by blowing a pair of 
bellows. — If sulphuric aether be used, the thermometer will 
fall even in summer below the freezing point ; and with sul- 
phuretted carbonic acid it soon descends from 67^ to Op. 

These effects are exceeded by the still more rapid evapo- 
ration of liquid sulphurous acid, by means of which Bussy 
has succeeded in congealing the mercury in the bulb of a 
thermometer in the open air. If this acid be ciurefuUy drop- 
ped on water, the latter will instantly be covered with a thin 
film of ice. 

Third Expt. A few drops of spirits of wine, or sulphuric 
aether, let fall on the back of the hand, evaporate quickly if 
the hand be moved backwards and forwards, and a sen$<ation 
of great cold will be produced on that spot. 

The sensation of cold experienced on coming out of a bath, 
or on being wet with rain, is owing to this combination of 
the latent heat with the fluid as it evaporates. By the same 
means ice is made artificially in the East Indies ; so also 
Water is cooled in Spain, in porous earthen vessels, called 
alcarrazas. "Wine, too, is cooled on- board ship by wrapping" 
wet cloths round the bottles, and hanging them up so as to 
be exposed to a current of air. — The cooling of cannon by 
wiping them out with the sponge is mainly owing to the 
rapid evaporation of the water caused by the heated metaL — 
The evaporation by perspiring enabled Fordyce, Banks, 
Solander, and Blagden to continue for 8 minutes in a cham- 
ber heated to 257^. In the Austrian salt-mines the men. 
work at a temperature of 240° in those chambers where the 
salt is dried; and in some furnaces and blast-houses the 
workmen are exposed to still greater heat without their 
bodies being heated much beyond the normal temperature. 

Even in the height of summer an intense cold may be 
generated if we accelerate the evaporation by rarefying the 
air, and especially if we make some arrangement by which 
the vapour that is thrown off may be absorbed by some 
other body. This may be verified by the following experit- 
ment : — 
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Fourth Expt, — Ledie's Exptrimmt, — Water frozen by 
evaporation. Water at 68° by evaporation must absorb 
36 + 972+ 135=11430 of heat* 

Fig, 112. represents the requi- 
site apparatus, a a is a glass or 
porcelain vessel, about 5 or 6 
inches in diameter, over which a 
little tripod stands, bearing a thin 
metal cup, c c, of about the same 
size as a a ; the distance between 
these two should not exceed 2 or 
3 inches. Fill the lower vessel 
with concentrated sulphuric acid, 
and the uppet one with the water you propose to freeze ; the 
aqueous vapour of the water will be absorbed by the acid. 
The whole apparatus is to be placed under a bell-glass on 
lihe plate of an air-pump, and the air is to be rapidly ex- 
hausted. When the barometer gauge stands at 2 lines, crys- 
tals of ice will shoot across the suiface of the water ; and if 
the external air be excluded from the receiver, the whole 
mass will soon be converted into ice. The water is elevated 
t>n a tripod, that the acid may not fall into it should the ap- 
paratus be shaken. — The successful performance of this 
experiment is considered as a pretty good test of the excel- 
lence of an air-pump. 

On removing the bell-glass, after all the water has been 
frozen, it will be found that the sulphuric acid, though so 
near to the cup containing the ice, is considerably heated ; 
whence it appears that the heat which the aqueous vapour 
abstracted from the wa^er during its formation, and the loss 
of which caused the latter to freeze, has passed as free caloric 
to the acid which absorbed the vapour and reconverted it into 
the liquid form. — If the ice thus formed be left in the 
Vacuum under the receiver, the continued evaporation will 
lessen its dimension until li finally disappears. 

Fifth Expt. — Confgliarch^^^xperiment. — Mercury frozen 
hy the evaporation of aulphunt cether. — Since sulphuric 
«ther in its conversion into vapour (§ 404.) absorbs 302° of 
latent heat, and liquid mercury contains 157° of the same, if 
both fluids have the temperature of 68°, then 302 +157 + 36 
'^495° of heat will become latent before the mercury is 
frozen. 
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Fig, 113. represents the arrangement for the 
performance tk this experiment. Q is a mer> 
curialy and W a spirit of wine thermometer, 
with corresponding scales. Both are fixed 
side by side, and beneath them is a glass yesseU 
aa^ whose bottom is about 3 inches below the 
^ balls of the thermometers, which should be 
\ surrounded with cotton saturated in highly- 
rectified sulphuric aether. Four sulphuric 
acid into the glass trough, to the depth of about 
half an inch, place the apparatus on the plate 
of an air-pump, covering it with as small a 
receiver as possible, g g. When the air under 
the bell-glass b^ins to be rarefied, the evapo- 
ration of the sulphuric sether in contact. with 
the bulbs of the thermometers goes on at an 
increased rate, and the fumes of aether thus 
generated are absorbed by the sulphuric acid. During this 
process a rapid fall of the thermoscopic substances is observ- 
able ; and when the mercurial thermometer stands at ~40^» 
and the spirit of wine thermometer at about —32^, the metal 
suddenly contracts ; and if the bulb be not much below the 
above named point, the mercury descends entirely into the 
bulb, and solidification commences, at the moment when the 
barometer gauge has fallen to about 4 lines. — If exhaustion 
be carried on, the spirit of wine thermometer may be made 
to descend as low as —49^. — Besides the mercurial ther- 
mometer suspend also, under the receiver, a short thermometer 
tube, whose bulb is only partly filled with mercury ; sur- 
round the bulb with cotton or some such substance saturated 
with sulphuric aether, and you will find, as the air iis ex- 
hausted, and the aether passes off in vapour, that the metal 
will be solidified. 

This experiment affords us an opportunity of observing 
the formation of hoar-frost, of which more will be said in the 
next section. Remove the envelope firom the ball of the 
thermometer, hold up the instrument towards the light, and 
a fine mist will be seen to rise in the air. In a little time a 
thin white deposit will be formed on the bulb, which be- 
coming thicker and thicker at length crystallizes. This is 
actually hoar-firost, which is formed by the congealing of the 
aqueous vapour of the atmosphere surrounding the bulb of 
the thermometer on which it deposits itself, and where it 
remains until the mercury rises to 32^, when it suddenly 
vanishes from the surfitce it covered. 

Sixth ExpL The crgophorus is a very simple instrument. 
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Fig. \\4r 



invented by Dr. Wollaston, for freezing water by its own 
eraporation. — It consists of a glass tube, from 12 to 24 
inches in length, and about one third of an inch in width ; its 
two ends are bent one way at right an^es to the main part of 
the tube, and are widened at the extremities into bulbs of 1 
or 2 inches in diameter. One of these balls is half filled with 
water, the remaining space is a vacuum. Plunge the empty 
ball into a freezing mixture (§ 402. ), and the water in the 
other will be turned into ice. — The bulb in the freezing 
mixture is filled with aqueous vapour, which is rapidly con- 
densed, and as there is no air in the tube, more vapour is 
rapidly formed, and so much heat is abstracted 
from the water that it freezes. — Marcet 
substituted sulphuric asther for the freezing 
mixture, having first wrapped some cotton 
around the bulb, which he sprinkled with 
aether, and then hastened evaporation by 
blowing on [it with a pair of bellows. The 
experiment may be performed better and 
more quickly if the bulb which is to be cooled 
be placed in a receiver from which the air 
is exhausted by pumping. Fig. 114. repre- 
sents a simple arrangement adapted for this 
purpose, a a is a receiver, open at top, 6, 
where the tube of the cryophorus is so fitted 
that its empty bulb, c, previously surrounded 
with cotton well saturated with sulphuric 
aether, shall be in about the middle of the 
receiver, whilst the other bulb, containing the water, is out« 
side the glass. ^ ' ^ ,* - '- 

\\ '^ I. ' , ■ 

§ 406. \, ,^ - * . 

When steam or vapour comes in contact with a u^f' cooWk 
than itself the latter abstracts from it such a portion of its calorie 
that it returns again to its original form of aggregation, Durifig 
this process of conderuaiion, as it b called, all that heat is liberated 
which had caused the body to assume the gaseous form. 

Expt, Hold a plate of glass or metal over a vessel con- 
taining boiling water, the vapour which rises is condensed 
into drops upon the cold sur&ce of the plate, which becomes 
heated by the steam. 

The experiment described in § 404., by which we estimated 
the latent heat of steam, depends on the liberation of this 
heat by the condensation of the steam, 
p 4 
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2\6 VAPOUftS AND PEftMANENT OASES. 

The conversion of liquids or solids into vapour, and their 
reconversion into their former state of aggregation, is made 
use of both for chemical and technical purposes. When 
liquids are changed into vapour by heat, and are then con- 
densed again into liquids, they are said to be distilled. The 
same process applied to solids is called aublimation ; and the 
vapour which, by cold, is restored to the solid form, is called 
a sublimate. Both operations are of service, sometimes for 
combining different substances, sometimes for separating one 
from others with which it is united. Fuller details belong 
rather to a treatise on chemistry. (Compare § 84.) 

Many natural phenomena, a complete account of which it 
is the province of Meteorology to give, are consequences of 
condensation by cold. Such are mists, clouds, rain, snow, 
hail, dew, and hoar-frost. — The moisture and the glazed 
frost, visible on windows, are also merely the aqueous par- 
ticles of the air in a condensed state. 



VI. PROPERTIES WHICH DISTINGUISH STEAM AND VAPOUR FROM TUK 
PERMANENT OASES. 



§407. 

Steam and Vapour are strictly homogeneous, and differ from 
each other, as has been said already, only in the mode of their 
production. They are both generated by the action of heat ex- 
panding the constituent atoms of solid and liquid bodies, and 
causing them to repel each other. This change of form is un- 
accompanied by any alteration in the chemical composition of the 
substances. Gaseous fluids differ one among another both phy- 
sically and chemically, according to the body from which they 
are formed by its combination with heat. Thus we speak of 
aqueous vapour or steam, of mercurial, sulphurous, and other 
vapours. The most important of all, on every account, is steam. 
Its properties only will therefore be treated of at length through 
the remainder of this portion of the work. 

It has been observed incidentally (§ 179.) that these gaseous 
fluids resemble the permanent gases in many respects, but that 
in others they differ widely from them. The principal point of 
distinction between them is this, that steamt by a lowering of its 
temperature, or by increasing the pressure on it, may be reduced to 
its original form of aggregation, but that permanent gases cannot be 
thus acted on. 
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§ 40& 

So long as the temperature continues unchanged, only a certain 
quantity of steam can be generated in a close vessel ; as soon as 
it becomes full of vapour, no more is generated by the liquid it 
contains, provided that the same temperature is maintained. 
Under such circumstances the space would be said to be saturated 
with steam, which is* called either saturated steam, or steam of 
maximum density. 

When applied to mechanical purposes, steam is gelierally 
used at its maximum density, for which reason there ought 
always to be in boilers and digesters a sufficient quantity of 
water' completely to saturate the space they contain. The 
aqueous vapour held in the atmosphere is very rarely indeed 
in a saturated condition, being found so only in rain and 
dense fogs. Generally speaking, we may assume, if a vessel 
contain a liquid which is giving off steam, that that vessel is 
filled with steam at a maximum density. 



§ 409. 

The density of steam in this condition varies with its tempera- 
ture, for, if that be raised, more of tlie liquid is converted into 
steam ; the quantity of the latter, and also its density, are conse- 
quently increased. If the temperature fall, a portion of the steam 
resumes the liquid form j the quantity of steam and its density 
are diminished. 

The relative density of steam, or its specific gravity, has been 
investigated experimentally, and it has been ascertained that the 
ratio of the density of saturated steam to the density of atmo- 
spheric air is a constant quantity, provided they are both under 
equal pressures and at equal temperatures. Gay Lussac has esti- 
mated the density of steam under these conditions, to be inva- 
riably 0'6235, or five-eighths of the density of the atmosphere. 
Comparing this with the density of water, it .follows that that 
of steam at 212® is about -j,^ (or, more exactly, ^) of the 
density of water; that is to say, steam at this temperature 
would fill a space 1700 times greater than that of the water 
which produces it ; 1 cubic foot of water (at its maximum 
density, § 376.) would be converted into 1700 cubic feet of steam 
«t212<>. 

The weights of bodies whose volumes are equal are as 
their densities, whence from the known or required density 
of the steam we may calculate its weight. Let x be the 
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weight of 1 cubic foot of atmospheric air at 32^, the barometer 
haying a mean altitude of 80 inches, then, by § 377., for (^ 
Fahr., its weight is 



1+0-002037 * 
whence the weight of steam is 

5 X 0*6235 X 



8 1 + 0-0002037 1 1 + 0-002087 1 

Now 1 cubic foot of air at 32^ weighs O-OSllb., the barometer 
standing at 29*92 inches ; if, therefore, the water be made 
to boil at 212^, 1 cubic foot of the steam wUl weigh 

0-6235x0-061 ^0^3^^^^, 
1+0-002037x180 



§ 410. 

Steam, like gas, has a tendency to spread itself in all directions ;• 
the expansive force which it displays, commonly called its tension, 
depends, not merely on its density, but it also increases when the 
temperature is raised. 

At equal temperatures the tension of steam is direetly as its 
density ; that is to say, any given quantity of steam will exert 
i> i^^t }th, j^th, as great an expansive force with twice, three 
times, four times, n times the volume, it being understood that 
the temperature in each case remains the same. 

If the density be uniform, then the tension increases with the 
elevation of the temperature ; the expansion of steam by heat 
obeys the same law and requires the same force as the permanent 

gases, viz. , or 0*002037 of its volume for every degree of 

5400 
heat from 32° to 212°. 

If, therefore, £ be the expansive force or tension at S99, 

and E' that at l9, then E' = E (1 + -li- t ), 

^ 5400 ^ 
= E (1 +0002037 *> 

But if the density of the steam increase as well as its tempera- 
ture, which does really happen when there is a large quantity of 
fluid giving off steam in a closed vessel, then the tension of the 
steam will be increased, both by the expansive force of the heat, 
and also by its own progressive density. In this case it is ob- 
vious, that its tension will increase foster than the temperature 
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rises. Steam of maximum density is always of the same tempe- 
rature with the water from which it is generated, if its temperature 
be not brought down by the operation of any extemid cause, 
thus, ex. gr., a thermometer immersed in the fluid would stand 
at the same degree as another thermometer in the steam given 
off. Hence, by knowing the temperature of the water, the ten- 
sion of the steam can be calculated. It must be remembered 
though, that the law by which the tendon of steam at maximmn 
density rises with the temperature is not at present exactly known, 
all the formulas yet constructed for expressing it coinciding with 
experiment only within certain limits. 



§ 411. 

Steam, formed by the dbullition of a fluid in the open air, must 
(by § 404.) have a tension suflScient to overcome the atmo- 
spheric pressure on its sur&ce. If this pressure be greater than 
usual, 'the steam must acquire a higher elastic force before 
the liquid will begin to boil; but by the preceding section 
this greater elasticity is gained by an increase in the tempe- 
rature ; hence, if the pressure be increased, the boiling point is 
elevated. 

That which is brou^t about in the open air by an increased 
atmospheric pressure, is effected in dose vessels by the steam al- 
ready generated ; and as, by the preceding section, it was shown 
that the density and the tension were increased by a rise in the 
temperature, so we now find that the boiling point will be pro- 
portionably elevated. We have thus the power of controlling 
the heat at which water shall boil, and consequently are enabled 
at pleasure to increase or diminish the expansive force of the 
steam that is generated. 

Expt Fill a Florence flask about half full with water or 
weak spirit, and make the fluid boil briskly for some minutes 
by holding it over a spirit lamp ; then cork it closely. 
Above the sur&ce of the water there will be nothing but 
steam, and ebullition will cease when the lamp is removed. 
Invert the flask so that its mouth may be downwards, and 
pour cold water on the surface now placed uppermost, the 
expansive force of the steam will be thereby diminished, 
as also will its pressure on the sur&ce of the water, which 
will begin to boil again. Pour a little hot water on the 
flask, the tension of the steam will be restored, and its pres- 
sure 'on the water being increased, ebullition will once more 
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§412 

There are two ways of estimating practically the pressure steam 
exerts in consequence of the increased expansive force it acquires 
according to its density and temperature. By the first of these 
modes it is calculated as the atmospheric pressure is, by ob- 
serving the height of the column of mercury it is able to support; , 
this pressure is then compared with that of the atmosphere. 
(§ 193.) According to the second method, it is expressed by the 
weight the steam is able to raise, when it is made to act upon a 
valve of known size, on which the weights are placed. 

The importance, both for scientific and practical purposes, 
of our being able to estimate the amount of this pressure at 
different temperatures, has induced many of the greatest 
philosophers of our times to investigate the subject ; but a 
brief account of the various courses they have adopted to 
arrive at correct results, can be given in the present treatise ; 
for further details the reader must of necessity be referred to 
the original works. 

Dalton made use of the Torricellian tube to estimate the 
expansive force of steam, at temperatures lower than that of 
boiling water. He nearly filled a common barometer tube 
p. . (aft, Jig. 115.) with mercury, the small space re* 

^* maining unoccupied by the metal he filled with 

the fluid, whose vapour he wished to investigate, 
then placing the finger on the open end of the 
tube he inverted it, as in the Torricellian experi- 
ment, and plunged the lower end in a vessel A of 
mercury. The mercury in the tube sinks, for 
reasons already explained, and the lighter fluid 
rises to the upper part of the tube, which, bdng a 
vacuum, is immediately filled with the fluid in the 
form of vapour, at a maximum density. The 
height of the mercury in this tube was then com- 
pared with that of the column in the barometer, 
and in consequence of the pressure of the vapour, 
it was, of course, lower than the latter ; the dif- 
ference between these two columns is the measure 
of the expansive force of the steam at that parti- 
cular temperature. For instance, suppose the 
height of the barometer to be 30 inches, and that 
of the mercury in the other tube to be only 29 
inches, then the tension of the steam would hold 
in equilibrium a mercurial column 1 inch in 
height, to which, therefore, we should say it was 
equal. To determine the expansive force at dif- 
ferent temperatures, it will be convenient to sur- 
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round the upper part of the Torricellian tube with a wider 
glass tube (C, jig. 116.), closed at bottom with a cork, 
through which the former passes ; place a ther- 
Ftg, \ 16. mometer within the larger tube, and fill it with 
water at different temperatures. If the water be 
hotter than the air, the mercury will sink lower 
than before ; if it be colder, the^mercury will rise, 
and the expansive force of the steam may be cal- 
culated for each of the temperatures, from the 
differences in the height of the mercury in the 
tube and in the barometer. 

The expansive force of the vapours may be 
easily determined by means of the air pump, and 
the results thus obtained very nearly accord with 
those found by Dalton. The following will be 
the mode of conducting the experiment. 

Kxpt. Place a flask, containing a thermometer, 
about half full of warm water, under the receiver 
of an air pump, and exhaust the air until the 
water begins to boil. The height of the ba- 
rometer gauge (§ 200.) at that moment gives the 
tension of steam of maximum density at the par- 
ticular temperature indicated by the thermometer 
in the flask. Any other fluid can, of course, be 
substituted for water ; and the experiment can 
be repeated with the fluid at different tempera- 
tures. 

The manometers {jigi. 136 and 137. Vol. I., described in 
§ 200. )are used for measuring the expansive force of steam ; in 
the former the pressure is shown immediately, by the height of 
the mercurial column in the manometer tube; in the latter, 
which is used fur steanv of high expansive powers, the pres< 
sure is determined byMariotte's law, § 197., and is shown 
on the scale in atmospheres. 

If the expansive force of steam be determined by the 
weight it is able to raise, we use an apparatus closely resem* 
bling the safety valve of a steam engine in its construction, 
of which a representation is given below in fig. 177., 
y is a valve shaped like a truncated cone, connected with 
a single-armed lever, c a b,by a moveable metal rod, a v; 
on the longer arm, <i b, of the lever a moveabl« weight, w, is 
suspended, by means of which the valve is pressed down into 
its place. When the steam within the boiler has acquired 
an expansive force which exceeds the pressure exerted by the 
lever on the upper side of the valve, it raises the valve and 
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escapes; the pressure it has exerted is indicated by the 
weight hung on the end of the lever. Thus, suppose the 



Fig. 117 ( 





under tube of the valve to be 1 square inch, and that the weight 
w presses it down with a force of 15lb., then the pressure of 
the steam must be at least SOlb. to the square inch before it 
will raise the valve, which is pressed down by a weight of 
15lb., and by the atmospheric pressure, which is also about 
I51bs. per square inch. 

The law has not yet been discovered by theory for the in- 
crease in the expansive force of steam at every temperature ; 
in default of this, we are compelled to use empirical formulae, 
deduced from the results afforded by the best conducted 
experiments. Of these formulae there are very few that are 
applicable under all circumstances ; for such as are true for 
high temperatures, fail when used for low ones, and vice 
versa. 

In note * to § 404. we have already given, from « Tred- 
gold on the Steam Engine," a formula by which to find the 
force of steam from water, in inches of mercury, the tempera- 
ture being given. 

log. 6 =6 { log. {t+ 100)-2'2479733}. 

In the following table the reader is presented, at one view, 
with the results of experiments conducted by Watt, Dalton, 
Ure, and Southern, compared with the above formula : — 
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Tempera- 
ture of 


Force in Inches of Mercury, according to the 
Observations of 


Force in 
Inches, &c., 


Steam. 


Watt. 


Dalton. 


Ure. 


Southern. 


by Formula. 


249 


__ 


_„ 


0170 


__ 


0-118 


32 


— 


0-2 


0-200 


0.16 


0-172 


36 


_ 


♦0-29 


— 


— 


0-201 


40 





— 


0-250 





0-245 


42 


— 


— 


— 


0-23 


0-266 


431 


— 


0-297 


— 


— 


0-281 


50 


— 


— 


0-360 


— 


0-37 


52 


— 


— 


— 


0-35 


0-401 


54i 


— 


0-435 


— 





0-442 


55^ 


0-15 


— 


0-416 


— 


0-45 


60 


_ 





0-516 


_ 


0-55 


62 


— 


— 


— 


0-52 


0-587 


64 





♦0-75 


— . 


_ 


0-663 


65i 


— 


0-63 


— 


— 


0-675 


70 


— 


— 


0-726 


— 


0-78 


72 





— 





0-73 


0-842 


77 





0-91 





_ 


1-000 


80 


.. 


..^ 


1-010 


_ 


1-106 


82 


- — 





— 


1-02 


1-182 


88^ 


— 


1-29 


— 


... 


1-447 


90 





— . 


1-360 


— 


1-53 


92 


— 


— 


— 


1-42 


1-629 


96 


— 


*l-95 


—- 


_ 


1-84 


99} 


— 


1-82 


— 


<~~ 


2-05 


loo' 


— 


— 


1-860 


— 


2-08 


102 


— 


— . 


— 


1-96 


2-21 


110 





— 


2-456 


— 


2-79 


110? 


_ 


2-54 


— 


— 


2-85 


112' 


— 


— 


— 


2-66 


2-95 


118 


2-68 


— 


— 


— 


. 3-59 


120 


_ 


— 


3-300 





3-68 


122 





3-5 


— 


3-58 


3-89 


130 


— 


i— 


4-366 


— 


4-81 


132 





•507 


— 


4-71 


5 07 


133i 


— 


4-76 


— 


— 


5-24 


140 


— 


— 


5-770 


— 


6-21 


142 





— 


— 


6*10 


6-53 


144i 





6-45 


— 


„.— 


6-95 


150 





— 


7-53 


— . 


7-94 


152 


— 


— 


— 


7-90 


8-33 
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Tempera- 
ture of 


Force in Inches of Mercury, according to the 
Obterrations of 


Force in 
Inches, &c.. 


Steam. 


Watt. 


Dalton. 


Ure. 


Southern. 


by Formula. 


155J 





8-55 


_« 


__ 


9-10 


160 


— 


— 


9-600 


— 


10-05 


162 


— 


^ 





10-05 


10-52 


167 


— 


11-25 


^- 


— 


11-7 


170 


— 





12-050 





12-6 


172 


— 








12-72 


13-17 


173 


— 


♦13-18 








13-46 


178i 


— 


14-6 








15-1 


180 


14-73 





15460 


— 


15-67 


182 


— 


— 


_ 


16-01 


16-35 


189i 


— 


18-8 





— 


1915 


190 


— 


— 


19KXX) 


— 


19-35 


200 


— 


— 


23-600 


— 


23-71 


200J 


— 


24-0 





. 


24-07 


210 


— 


— 


28-88 


— 


28-86 


212 


— 


30-0 


30 00 


30-00 


30-00 


220 


— 


•34-20 


35-54 


— 


34-92 


225 


37- 





39-11 


— 


38-32 


230 


— , 


— 


43-10 





42-00 


240 


49- 


— 


51-70 





50-24 


250 


— 


— 


61-90 





59-79 


250-3 


— 


— 


—r- 


60 <X) 


60-00 


260 


— 





72-30 





70-8 


261 


68- 


— 








72-00 


270 


— 





86-30 


— 


82-45 


272 


— 


88-9 


— 


— 


86-2 


272-5 


82- 








— 


86-89 


280 


— 


— 


101-90 


— 


97-92 


290 


— 


— 


12015 





114-40 


293-4 


— 


— 





1,20-00 


120-50 


295 


— 


— 


129-00 


— 


123-50 


300 


— 


— 


139-70 





133-20 


310 


i— 


— 


161-3 


— 


154-5 


312 


— 


— 


167 -01 
165-5 J 


— 


159-0. 


340 


— 


♦231-0 


__ 


236-00 


343-6 


— 


— 


— 


240-00 


247-80 
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TABLE XIII. 



Tempera- 
ture of 
Steam. 


Force in 

Atmospheres 

at 29-922 

Imhes, and 

320 Fahr. 


Force in Inches of 
Mercury. 


Tempera, 
ture of 
Steam. 


Force in 

Atmospheres 

at 22 922 

Inches, and 

320 Fahl-. 


2120 


1 


29-922 


356«» 


11 


233-9 


H 


44-930 


374 


12 


250-5 


2 


59-842 


880 7 


13 


263-8 


n 


74 '604 


386-9 


14 


275-2 


3 


89-765 


392-8 


15 


285 


3i 


104-725 


398-5 


16 


293 7 


4 


119-687 


403-8 


17 


300-3 


^i 


134-647 


408-9 


18 


307-5 


5 


H9-609 


413-7 


19 


314-2 


5i 


164-569 


418-5 


20 


320-3 


6 


178-631 


422-9 


21 


326-25 


«i 


193-591 


427-2 


22 


331 -7 


7 


209-453 


431-4 


23 


336-8 


n 


224-413 


435-5 


24 


341-7 


8 


239-374 


439-3 


25 


350-7 


9 


269-296 


666-5 


40 


358-8 


10 


299-218 


690-7 


50 



EXPLANATION OP TABLBS XII. AND XIH. 

From inspection of the above tabic, it will be seen at once 
that the force of the steam, as found by Mr. Watt, is less 
than it ought to be, especially at low temperatures. The 
numbers marked with an asterisk, in the column headed 
Dalton, are taken from a table which that gentleman formed 
from what he considered the most correct experiments on the 
subject. With regard to Dr. Ure's table, Mr. Tredgold 
observes, that the later enquiries of Mr. Djilton justify the 
numbers being higher, at or about 1 50^, than Dr. Ure*s. 
Mr. Southern's experiments were conducted with such care, 
that Mr. Tredgold says they seemed to him entitled to great 
confidence, and hence he made the results the principal data 
for his formula. 

Table XIII. gives the force of steam from 1 to 10 atmo- 
spheres, with especial reference to the construction of steam 
engines, as determined by the recent experiments of a com- 
mission appointed by the ** Academic des Sciences'* of Parian 
the members of it being Arago, Dulong, <jirard, and Prony. 
VOL. II. Q n ] 
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The force may be found, by the following formula, from 5 
atmospheres to 50 ; — 



0-7153 



e feeing the elastic force In atmospheres, and t the tempera- 
ture + 100^ Cent , the interval Arom 100 l>eing assumed as 
unity. The degrees- of the thermometer are expressed in 
the table above according to Fahrenheit's scale, and the 
column of mercury has also been reduced to English 
inches. v 



§413. 

It will easily be inferred, from the remarks already made, in 
what points vapours resemble the permanent gases, and in what 
they differ from them. 

We propo'ne now to consider what is the effiet of the pressure 
consequent upon either enlarging or contracting the space which 
contains the vapour. 

A mass of air suffers no change in its form of aggregation, 
whatever the expansion or contraction of the space it occupies : in 
the former case its density, and consequently its expansive force, 
are diminished ; in the latter they are increased ; and this increase 
and decrease are inversely as the change in volume. 

A mass of steam in a close vessel resembles a permanent gas 
thus far, that if its volume be increased, or the pressure on it 
diminished, it becomes more rare ; but the similarity holds good 
with regard to its condensation consequent upon the diminution 
of its volume, or the increase of pressure, only to the point at 
which steam attains its maximum density for the particular tem- 
perature ; when this point has been reached, the least additional 
increase of pressure, or contraction of space, causes a partial con- 
version of the vapour into a liquid. 

Depress the Torricellian tube in Dalton's experiment (which 
has been described in the preceding section) lower in the vessel 
of mercury, and the space above the mercurial column that 
is filled with the vapour of that fluid which is being experi- 
mented on will be diminished ; and as this vapour is at a 
maximum density, so much of it will be reduced to the 
liquid form as equals the diminution of the space that con- 
tains it. The amount of the reduction will be shown by the 
increase in the length of the column of fluid supported bj 
. the column of mercury, the height of the latter remain- 
ing unchanged. Now, according to IVIariotte's experiment 
iC§ 197.), had the space above the mercury been occupied by 
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air, the column of mercury M^ould have become shorter 
when the tube was depressed in the cistern. Continue to 
depress the tube up til the mercury rises ahnost to the 
closed end, and the whole of the vapour will be changed into 
liquid. 

The following illustration may perhaps render the prece- 
ding observation more eajiily comprehepded. Suppose a 
quantity of vfipour at 212^ to expand and occupy so large a 
space that its tension is reduced one half, t. e. till it equals 
only half an atmosphere ; then, as the pressure diminishes, 
and the volume increases, rarefaction goes on precisely as in 
the case of atmospheric air. Next, if it be subjected to the 
converse operation, we shall find that it may be compressed 
till its expansive force again equals 1 atmosphere, that being 
the maximum for steam at 212" ; but if the process be con- 
tinued beyond that point, ex. gr,^ till its volume is reduced 
one half, then one half of the vapour will resume the liquid 
form, but the other half will still be vapour, with a maximum 
expansive force of 1 atmosphere. Thus a permanent and 
progressive pressure might convert the whole mass of steam 
into liquid. 



§414. 

Gases and vapours are not affected by heat in precisely the 
same manner. 

Every gas enclosed in a space acquires an increased expansive 
force (§ 377,378.), corresponding with the index of its expansion 
if its temperature be elevated ; and conversely, the expansive force 
is proportionally diminished if the temperature of the gas be 
lowered. The limits have not yet been ascertained to the increase 
or decrease of this force. 

Now, the elevation of the temperature of a mass of vapour 
enclosed in a space is affected precisely as a mass of any elastic 
fluid would be ; that is to say, its tension increases ; but if its tem- 
perature be lowered, its expansive force will gradually become 
Jess, whilst, at the same time, a corresponding portion will lose 
the form of vapour and l)e converted into a liquid. 

Suppose a certain space to be filled with steam at 21 2^^ 
then at a maximum density its expansive force will equal 
30 inches, or 1 atmosphere. Cool this mass to 1 80^, and 
its maximum tension will be lowered to about half an atmo- 
sphere ; and so much of the steam will have been converted 
into water, that the remaining portion filling the space un« 
occupied by the water will have a tension of 0'5 of an atmo- 
Q 2 
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sphere. If the temperature be lowered still more; the 
remaining portions of steam will be successively condensed 
till its elastif^ force will equal only about 0*137 of an incb, 
or 0*005 of an atmosphere^ Had this quantity of steam beea 
raised to a higher temperature, instead of being cooled, sup- 
pose, for instance, from 212^ to 250^, its tension (by § 409) 
would have been elevated in the proportion of 

I + (180 X 0-002037) I 1 +(218 x 0002037) = 1366 : 1444 

«l:l-06. 

Hence, if there had been an increase of 38° in its tempera- 
ture, its expansive force would have increased only 0*06 of 
an atmosphere ; whereas, had the steam been at its maximum 
density at 252°, the expansive force would have equalled 2 
atmospheres. This steam might therefore be cooled without 
any condensation, but obviously not lower than 212°, when 
its maximum density would be attained^ 



§415. 

Dalton's experiments have led to the discovery of this re- 
markable fact, that the same quantity of steam may be raised 
from any liquid, in a space filled with any kind of gas whatever, 
as in a vacuum ; the only difference is, that in the latter^ the 
quantity of vapour requisite to saturate the space is generated 
jftlmost instantaneously, whereas, when the space is charged with 
a gas, the process goes on the more slowly the nearer the steam 
is to its maximum density. The air thus combined with vapour 
possesses an expansive force, equal to the sum of the forces of the 
;^as itself) and of the vapour at the particular temperature. 



§416. 

Steam or vapour generated in the open air, is emitted from the 
fluid in a state of saturation, answering to the particular tempe- 
rature, and is consequently at a maximum density near the surface 
of the liquid : since, however, under these circumstances, itu is 
free to expand in all directions its density diminishes at a small 
distance from the boiling sur&ce. If there come in contact with 
the surface of the liquid, a stratum of air so cold that the aqueous 
vapour, on entering it, attains its maximum density, all further 
evaporation ceases. A further depression of the temperature 
causes the aqueous vapour in the air to be converted into water, 
and so produces the hydro-meteors mentioned in § 406. 
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. Hence it appears thut the quantity of vapour in the atmosphere 
at any particular time depends principally on its temperature, 
and, as this is not uniform in all places, and even varies from 
time to time in the same place, it is obvious that different por- 
tions of the atmosphere will be unequally charged with vapour, 
and that the quantity at the same place will vary at different 
times. 



HYGROMETRY. 

§ 417. 

It is often a matter of importance, both for physical and me- 
teorological purposes, to be able to measure the quantity of 
aqueous vapour with which the atmosphere may be charged. 
That part of science which treats of this subject is termed Hy^ 
^ometry^ and the instruments used to measure the moisture of 
the air, t. e. which are intended to show the quantity and con- 
dition of the vapour it contains, are called Hygrometers ; if they 
merely indicate the presence of aqueous vapour, without measur- 
ing its amount,. they are called Hygroncopes. 

The sorts of apparatus used for these purposes differ very con- 
siderably, both in their construction and in the principle on which 
they act ; few, however, answer perfectly well. 

They may be arranged in three classes : in the first, we 
may reckon all those in which some substance is made use of, 
that absorbs the aqueous vapour with which the air is charged, 
according to its various degrees of moisture : this substance, 
thereby, expands or contracts, undergoing certain changes in its 
dimensions, the extent of which furnishes us with an instrument 
for measuring the condition of the air as regards moisture. Bodies 
which possess, in a high degree, the property of absorbing the 
moisture from the atmosphere, and which readily part with it 
again when the air becomes dry, or recedes from its saturated 
condition, are termed hygroscopic substances : they are mostly of 
animal or vegetable origin ; we may instance hair, fish-bone, ivory, 
animal membranes, and intestines, the beard of wild oats, wood, 
&c. The defect common to all these is, that the moisture of the 
air so aflTects them, when they have been for some time exposed 
to its influence, as to render them less susceptible, and so prevent 
their being comparable one with another. Besides, both this 
class and that of which we shall next speak, express rather the 
degree in which the atmosphere approximates to a condition of 
saturation than the exact amount of moisture it contains. In even 
the best of these hygroscopes, therefore, the same degree of the 
Q 3 
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scale which represents a certain approach to a state of saturatioOt 
would represent the existence of various quantities of vapour in 
the atmosphere, according as its temperature is high or low. 
These indications are, however, important, as they show what is 
the probability that there will or will not be rain : they also lead 
us to believe that the readiness with which other substances in 
the air become moist, depends rather on the degree in which the 
atmosphere approximates to a saturated condition, than on the 
quantity of vapour it contains. The best known and most ac- 
curate instrument of this sort is Saussure's hair hygromettr. 

This hygroscope is constructed thus : A human hair, about 
8 or 12 inches long, is freed from all animal grease by boil- 
ing it in a weak caustic ley ; one end of it is then made fast 
to a hook, and the other is passed over a pulley fixed in a 
frame, and is strained ti^ht by means of a small weight. The 
contraction and expansion of the hair communicates motion 
to dn index attached to the axis of the pulley. The sketch 
of such an instrument given in^^. 118. renders 
Fig. 118.\ further description superfluous. The two nor- 
mal points of the scale are, that at which the 
index stands in a perfectly dry atmosphere, and 
that at which it stands in an atmosphere satu- 
rated with humidity. The former point is 
marked zero, and the latter is generally marked 
100, the intervening space being divided into 
that number of degrees. The zero is found by 
placing the apparatus under a bell-glass, in 
which there is a considerable quantity of chlo- 
ride of calcium, or of concentrated sulphuric 
acid, by which all the aqueous vapour is 
absorbed. The point of greatest humidity is 
determined by placing the instrument under a 
bell-glass, the inner surface of which has been 
well sprinkled with water, or which is stood over a vessel of 
water, so that the air may become thoroughly impregnated 
with moisture. The degrees shown by this hygroscope, as 
we have already remarked, are not proportional to the mass 
of vapour held in the air ; that is to say, when the index 
stands at 80°, or 50°, or 25°, we are not warranted in in- 
ferring that the atmosphere contains J. ^, or \ as much vapour 
as when it points to 100° ; all that can be deduced is, that 
at 50° the air is farther from being saturated with moisture 
than at 80°, or at 25° than at 50°. Gay Lussac determined, 
experimentally, the elastic force of the aqueous vapour held 
in the atmosphere at a temperature of + 10 Cent. =50° Fahr., 
answering to the degrees of the hygroscope, and thence 
compiled a table, which Biot, by interpolating, completed. 
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In the second sort of hygroscopes such substances are used as 
show by the quantity of moisture they absorb from the atmo- 
sphere and give back to it, its degree of humidity ; they differ, 
therefore, from the kind already described, in which the con- 
traction and expansion of the hygroscopic substance itself served 
as our guide. The principal substances used are of inorganic 
origin, chiefly salts, such as chloride of ammonia, caustic potash, 
chloride of sodium, &c., sulphuric acid, and some sorts of stones 
which possess hygroscopic properties. These substances are 
generally connected with one arm of a sensitive balance, the rise or 
fall of which measures its humidity. In addition to the source 
of error these bodies have in common with those which we have 
reckoned under the first class, they have this additional defect, 
that they are tardy in acting ; t. e. they do not immediately follow 
the change in the condition of the atmosphere, but require some 
time to absorb and give out moisture, and especially they show 
but slowly a transition from a state ot less to one of greater 
dryness. 

llie third class, or hygrometers properly so called, depend on 
the combination of heat which accompanies the evaporation of a 
fluid, and the consequent deposition of the vapour contained in 
the atmosphere. These are the only hygrometers which can 
fulfil all the conditions required. 

Le Poy first suggested the filling a glass with water, at the 
same temperature as the ambient air, and then coaling it by 
dropping in pieces of ice, until the outer surface of the glass 
began to be dim. with the deposit of aqueous vapour. The dif- 
ference between the temperature of the air and that of the water 
would, be said, show how many degrees the air must be cooled 
before the vapour it contained would be at its maximum density; 
the greater the numberof degrees which this difference amounted 
to, the smaller the quantity of vapour in the atmosphere ; con- 
sequently, the drier the atmosphere. Were the air completely 
saturated with moisture, the two temperatures would exactly 
agree, and the slightest fall in the temperatures of the water 
would instantly cause a deposit on the glass. The point at which 
the vapour contained in the air begins to be thrown down is 
called the Dew Point. For instance, if we suppose the tempera- 
ture of the air to be 77°, and the dew point to be 54^°, then the 
atmosphere contains such a quantity of vapour as would be at a 
maximum density at 54A°. Now by Table X 1 1, the tension of 
aqueous vapour, at this latter temperature, is 0*442 ; but this is 
the tension which it has in the atmosphere, at the temperature we 
have supposed, viz. at 77°, for the heat has merely rarefied the 
vapour, without imparting to it any greater expansive force. 
Now, had it been at its maximum density, under this temperature, 
by our table, its tension would have been TOOO; whence, in the 
Q 4 
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Fig. 119. 



• 0*442 

instance we have supposed, thq air contains =44 percent. 

^*^ * 1-000 '^ 

of the quantity of vapour it might have been charged with 
at that temperature. Although this experiment does not give 
•trictly correct results, yet it has led the way to a more exact 
mode of hygroroetry than had before been known. 

DanieWs sulphuric ather hygrometer and Aw/usCs psychrometer 
are instruments which act on the principle we have just explained. 
The last-named apparatus leaves little to be desired, as it enables 
us to ascertain the tension of the vapour contained in the atmo- 
phere, the dew point, the point at which the atmosphere would 
be saturated, and hence the absolute weight of the vapour con- 
tained in any particular volume of air. 

The psychrometer consists of two very delicate mercurial 
thermometers, which exactly correspond, divided into fifths, 
or even into tenths, of degrees (A and B, Jiff. 119.). ^^e 
scales ranging from about— 25° Cent. ( — 13*^ Fahr.) to + 40 
Cent. ( 104 Fahr) : they are both fixed in a frame, in a similar 
position, about 3 inches apart. The ball A is surrounded 
with muslin, which is continually moistened by means of a 
thread of cotton attached to it. the other end hanging in a 
cup W filled with distilled water ; the 
other bulb is kept dry. As the water 
evaporates which surrounds the bulb of 
the damp thermometer in a thin film, 
the mercury begins to fall ; and the 
drier the air, the more rapid its descent, 
as the evaporation will be more rapid. 
V^ When the air around the bulb is satu- 
rated with moisture, the mercury will 
become stationary, and the point at 
which it rests will be the dew point, or 
condensation point. The greater the 
difference between the altitudes of the 
dry and moist thermometers the drier 
must the air be, or the farther is the 
vapour it contains from being at its 
maximum density. The difference be- 
tween the heights of the two thermometers will be nH, if 
placed in an atmosphere containing aqueous vapour at its , 
greatest density. From the degrees of heat shown by the 
two thermometers, as in the example given above, we can 
determine the expansive force of the vapour, and its amount 
per cent, in the air. The two following formula;, constructed 
by Professor August, will give these values with great ac- 
curacy ; and in them regard is paid to the altitude of the 
barometer at the time of the observation. 
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T e-0-558 O-/') b 

^- "^ =" 5i2^ ' 

and 

z being the tension required of the vapour in the atmo- 
sphere in Paris lines ; e the tension in Paris lines, which by 
Table XII. corresponds with the temperature of the moist 
thermometer ; t that of the dry and /' that of the moist 
thermometer, in degrees of Reaumur's scale ; and lastly, 6, 
the altitude of the barometer in Paris lines. Formula I. 
serves for temperatures above 0°, ail§ II. when the damp 
thermometer is covered with ice, t. e. for temperatures 
under 0°. 

To economise the time which would be consumed in 
calculating by these or other formulae, several philosophers 
have constructed tables, which give the results for every 
degree of the psychrometer. 



§ 418. 

This property of hygroscopic substances of absorbing moisture 
from the atmosphere and from other bodies in contact with it, is 
used for other purposes besides meteorological investigations. 
Philosophers and chemists avail themselves of it frequently to dry 
the air and other bodies contained in receivers, and also for 
freezing gases from the humidity with which they are charged. 
The substances most generally employed for this purpose are 
heated chloride of calcium, and concentrated sulphuric acid, 
(compare Experiments 3 and 4. § 405., and the method of deter- 
mining the point of greatest dryness in a hair hygrometer, de- 
scribed in the preceding section), which are either placed in the 
close receiver, or else the gas to be dried is made to pass through 
them. Tliese substances are not available for drying on a large 
scale ; for instance, for making and preserving dry, vessels which 
contain articles that would be injured by damp, such as provi- 
sions or gunpowder. Generally speaking, if a strong draught of 
air can be sent through such vessels, the air they contain will be 
speedily freed in great measure of its moisture. If this is not 
practicable, the chamber or vessel must, according to its dimen- 
sions, have a suflficient quantity of some hygroscopic substance 
enclosed in it to absorb the moisture ; burnt lime is often used for 
this purpose. The air itself, when deprived by heat of its mois- 
ture, is a most effective agent, absorbing the vapour they contain 
from all bodies with which it comes in contact, to saturate itself 
with the quantity of vapour answering to its own temperature. 
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VII. APPLICATION OF STEAM TO MECHANICAL PURPOSES. 



§ 419. 

In modern times the application of steam to mechanical pur- 
posfs has become increasingly varied and extensive, and conse- 
quently the part it performs in the different departments of 
industrial life is of growing importance. Undoubtedly the 
greatest service it renders is by its expansive force, as used in the 
steam engine. The considerable amount of both free and latent 
caloric (§ 404.) it contains, is employed in drying by stuamt both 
in heating rooms and drying goods. The solvent power of steam 
above the temperature of 212° is made use of in the various 
kind* of apparatus for cooking by steaniy besides being applied in 
other cases to soften or dissolve solid bodies. 

One of the most simple pieces of apparatus for illustrating 
both the mechanical and thermal properties of steam is 
the steam globe^ or aeoli'pila It consists of a hollow sphere 
of copper or brass (A, Jig. 120.), about 3 or 4 inches in 
diamitjr. The aperture a serves partly for introducing the 
liquid, from which the steam is to be raised ; and partly 
for screwing on different curved tubes, as occasion may 

require, from whose 
Fig, 120. mouth 6, the steam 

issues. When the 
aeolipila is about 
half full of water, 
screw on the steam 
pipe and place the 
apparatus over a 
spirit lamp, to raise 
the fluid within to a 
boiling temperature. 
To guard against 
the risk of bursting, 
it is well to furnish 
the sphere with a safety-valve v. 

The following experiments will show the expansive and 
propelling forces acquired by the steam. 

First Expt. Let the steam of the boiling water, as it 
issues from 6, inpinge against the vanes of a wheel, W, that 
turns readily upon its axis ; the vapour will acquire such 
force as to impart a rapid rotatory motion to the wheel. 

Second Exjtt. Give to the steam tube such a curvature 
as is represented in fg. 121. : but instead of filling the 
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vessel with water, use spirit of wine, and its vapour as it 
issues from b will act upon the flame of the spirit lanrip, like 
the blast of a blowpipe, and give it such an intensity that 
glass and several of the metals will be melted by its heat. 



FiffA2l, 



Fig, 122. 





Third Expt. Provide the aeolipila with an axis about 
which it may turn (fip. 122.), &nd give to the tube a b the 
form shown in the diagram, and you will have precisely the 
apparatus invented by Hiero of Alexan- 
dria, 120 B. c. ; the steam will escape in 
a direction tangential to the axis ; and 
the reaction caused by its emission will 
generate motion in an opposite direction, 
the rotation of the ball depending on the 
same principle as that of Segner*s machine, 
explained in § 165. 

On the opening a, fig. 123 , screw a 
barometer tube b g, instead of the'^steam- 
pipe ; this barometer-tube will serve the 
purpose of a nfianometer (§ 200. ), and show 
the increased tension of the steam attendant 
on an increase of the temperature. To effect 
f this, the ttiermometer t is fixed beside the 
barometer-tube, its bulb descending into the 
space filled by the steam, the heat of which 
it therefore indicates. The expansive force 
or tension of the steam will be measured 
by the height to which the column of 
mercury rises in the barometer- tube, 
whose cup b should contain such a quan- 
tity of quicksilver as would suffice to fill 
the whole of the tube. To the mercurial 
column supported by the steam add the 
altitude of the barometer, at the time of 
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the observation, and the, sum of these two altitudes will 
express the expansive force pf the steam, which answers to 
the temperature shown by the thermometer. 

By means of the same apparatMS we can investigate the 
thermal properties of steam. ^ . 

Fifth Bxpt, Allow the steam to. issue from the steam- 
tube into the open air, and a portion of it will be condensed 
and rendered visible in consequence of its giving out some 
of its caloric to the surrounding atmosphere ; extremely 
minute bubbles will be formed, which are filled with humid 
air enclosed in a thin film of aqueous vapour : these will be 
borne along by the air like aerostats. 

Conduct this stream over a hot metal plate, or over some 
burning charcoal, and it will cease to be visible, because no 
absorption of its heat takes place, and consequently there is 
no condensation of the steam into water. 

Sixth Expt, Now receive the current of steam on any 
cold body, as a plate of metal or a glass receiver, and the 
aqueous vapour will be deposited over the surface in the 
form of water, and the metal or glass will be rendered per- 
ceptibly warmer by the heat which has been liberated. 

The same result follows if the steam- pipe be conducted, 
as is shown in Jig, 124., so as to terminate in a vessel of 
water. The steam is instantly condensed, so that the vapour, 
which is emitted at h disappears instantaneously without 
rising to the surface in the 
Fig, 124. form of air bubbles. The 

water in the vessel becomes 
gradually heated, as may 
be seen if a thermometer 
be immersed in it, until at 
length it reaches the boiling 
point. This experiment may 
serve to show indubitably 
the great quantity of latent 
heat contained in steam, 
although it does not furnish 
us with the means of exactly 
measuring its amount. 




§420. 

The steam-engine is unquestionably one of the mo»t important, 
as it is one of the most useful, inventions of the eiglueenth 
century. The principle on which it acts is this, that steam at a 
temperature exceeding that of boiling water possesses so great an 
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expansive force (compare § 410. and Tables XI L and XIII.) as 
to propel bodies against which it is directed, such )K>dies return- 
ing to their original position when the steam by being condensed 
is deprived of this force. 

This fundamental action of steam, which is made use of 
in the working of every variety of steam engine, may be 
illustrated by the fellovring simple apparatus : — 

Erpt. The arrangement consists of a glass tube (a b,fig, 
125.), open at one end and enlarged at the other into the 
bulb A ; a piston p, surrounded with 
worsted or cotton thread, saturated in 
grease to render it steam-tight, is worked 
up and down by means of the piston 
rod ts, — Place some water in a, and 
hold it over a spirit lamp till it begins 
to boil, the steam thus generated will 
elevate the piston p to the upper ehd a 
of the tube. — Plunge the apparatus in 
some cold water, the steam will be con- 
densed, a vacuum will be formed be- 
'^w neath the piston, and the superin- 
cumbent pressure of the atmosphere 
will drive down the piston to the lower 
part of the tube. 

The principal parts of every steam 
engine are the hoikr and cylinder : in 
the former is placed the water which it 
is intended to convert into steam, and 
in the latter is the piston, which is to 
exert the motive power. Besides these principal parts of every 
engine there are many mechanical contrivances, by which the 
former are connected, and by means of which the entire working 
of the machine is regulated, and the motive power applied in the 
desired direction. 

Various forms have been given to the boiler, which is made of 
the very strongest wrought iron ; sometimes it is of a spherical 
figure, sometimes like a trunk with a rounded lid, most generally 
however it is cylindrical : in some cases it consists of a number 
of tubes connected together, this construction having been 
adopted to lessen the risk of explosion. It is filled with water 
to a certain height, above which is the space where the steam is 
to accumulate ; beneath the boiler is the furnace for heating the 
water. The boilrr and cylinder are connected by means of the 
*Uam-pipe, by which steam is conveyed from the former to the 
latter ; a second pipe, called the feed-pipe, keeps up a supply of 
Water in the boiler, to make up for what is abstracted in the form 
trf steam. Appliances of a more complicated nature than we 
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have described above are made use of in most engines, for regulat- 
ing the supply of water and showing the quantity present at any 
moment in the boiler, so as to avoid the risk of its bursting 
either by the expansion of the steam, or by ttie pressure of the 
atmosphere. There is also generally some contrivance for show- 
ing the degree of expansion attained by the steam. — All these 
matters will be explained at greater length in the observations 
that follow these paragraphs. 

The cylinder, which stands erect, is of cast-iron, hollow, and 
polished inside: within it there works a steam-tight piston 
having an iron rod, called the piston-rod, which projects above 
the cylinder. It is on this piston that the steam acts, and the 
primary movement thus generated is a mere ascent and descent 
of the piston in the cylinder. To ensure the complete effect of 
the steam on the piston, the cylinder both above and beneath is 
made perfectly steam-tight ; for wliich end the piston rod is made 
to jiass through a stuffing-box. The other parts of the machinery 
are immediately connected with the piston-rod, so that by it the 
action of the whole is regulated. 

In many engines there is also a second cylinder, called the 
condenser, connected with the former : in it the steam, after 
having acted on the piston, is condensed by a jet of cold water, 
and its expansive force, which would prevent the return of the 
piston, is destroyed in that direction in which the piston is to 
move. 

Steam engines may be ranged under three classes, according to 
the system adopted in their- construction ; viz. according to the 
mode in which the steam-power moves the piston in the cylinder ; 
according to the expansive force of the steam used ; and lastly 
according as the steam is or is not condensed. 

In the first class there are three varieties, viz. 

I.) The single acting xieam engine, in which the piston is driven 
only one way by means of the steam, and returns partly by the 
preponderating weight of that portion of the machinery and 
partly by the atmospheric pressure acting on the upper surface 
of the piston, the part of the cylinder beneath the piston being a 
vacuum. In a machine of this kind only half the motion of the 
piston is used as an effective force, namely, its descent ; for in its 
ascent its operation is suspended. As the descent of the piston 
is effected mainly by the pressure of the air, these engines have 
been termed atmospheric engines. 

2.) Double acting engines, in which the steam is effectively 
employed both in the ascent and descent of the piston in the 
cylinder, being admitted alternately above and below the piston ; 
these machines have an unintermittent action. 

3.) Engines on the expansive principle differ from the two 
preceding varieties in this, that whereas in them the supply of 



Digitized by CaOOQ IC 



INTENTION OF THE STEAM ENGINE. 239 

steam is maintained in the cylinder, during the entire ascent or 
descent of the piston, in engines on the principle of expansion 
tile steam is cut off, when the piston has performed one half or 
thereabouts of its distance, the expansion of tlie steam driving it 
through the remainder. 
Under the second class we may reckon : 

1.) Low pressure engines, or those in which the expansive force 
of the steam employed but little exceeds the pressure of the 
atmosphere ; and, 

2.) High pressure engineSf in which the water is heated till it 
acquires an expansive force of from 2 to 10 atmospheres. 
Lastly ; they may be distinguished as 

1.) Condensing engines, in which the steam having raised or 
depressed the piston, as tlie case may be, is condensed either 
mediately or immediately by coming in contact with cold water ; 
and 

2.) Non-condensing engines, in which the steam when used is 
allowed to escape directly from the cylinder into the open air. 

Besides those named above, there are many other varieties of 
the steam engine, which however do not constitute a distinct 
system, but are generally named after the inventor of the pecu- 
liarity of construction by which they are distinguished. 

According to the definition agreed upon, of what con- 
stitutes a steam engine, we must frame our answer to the 
queries — To whom are we indebted for the fundamental idea 
of this important piece of machinery ? — When and where 
was it first formed ? — If the name of steam engine is to 
be given to any contrivance by which steam is made to 
communicate motion, then we are indebted for this inven- 
tion to Hiero of Alexandria, 120 years b. c, for he first 
constructed the aeolipila, or rotating steam ball (described in 
the third experiment, § 419. )• i'li© discovery of Denis 
Papin in the 17th century was far more important in its 
bearing on our knowledge of the mechanical force of steam. 
He not only used the solvent power of steam in the digester, 
since called by his name, but furnished this apparatus with 
a safety valve : he expressed his firm belief that vessels 
might be propelled and shots thrown by means of steam ; 
but he constructed an apparatus in 1 687, described at the 
beginning of this paragraph, which may fairly be regarded 
as the type of the action of the ascent and descent of the 
piston in its cylinder. 

The first machine really worthy of the name of steam 
en^'.ine was Newcomen*s, made in 1705. It was a simple 
low pressure engine, in which the piston was elevated by 
steam ; on reaching the top of the cylinder, the steam was 
condensed by a jet of cold water, and the descent of the 
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piston was effected by the downward pressure of the atmo- 
sphere. In this machine steam was only indirectly the 
cause of motion, as by its cmidensation a vacuum was formed 
below the piston, which was driven down by the atmo- 
spheric pressure : hence its name, atmospheric steam engiM. 

The most numerous and important improvements intro- 
duced into the construction of this machine, are owiofr to 
Watt, by whom it has been brought almost to its present 
state of perfection. He first conceived the idea of cooling 
the steam in a separate chamber, which he called the eoa- 
denser, by which contrivance be avoided lowering tbei 
temperature of the interior of the cylinder, and so consider- 
ably economised his steam power. He did not at once 
avail himself of the expansive force of steam to generate 
motion but for some time drove the piston by the atmo- 
spheric pressure exerted on the upper surface of the piston. 
Watt was the first to perceive the inconvenience of using a 
force which was not capable of being modified ; he was also the 
first to provide a remedy for this defect in his engine, by making 
the cylinder air tight above ; he then admitted steam above the 
piston, which was driven down by the pressure of the steam, 
instead of by that of the atmosphere. When the piston ar- 
rived at the bottom of the cylinder, the steam was shut off, and 
at the same time a communication was opened connecting 
the upper part of the cylinder with the condenser; the steam 
rushing into this cold chamber instantly lost its elasticity, 
and the piston was at once raised by the weight attached to 
the farther end of the beam to which the piston-rod was 
fastened. When the piston had thus regained its original 
position, the communication with the condenser was closed, 
the steam was again admitted above the piston, and thus the 
piston continued to play. In this machine, known as the 
single acting steam engine^ there is the same defect which is 
common with it to the atmospheric engine, namely, its inter- 
mitting action, because the piston in its ascent suspends the 
operation of the machine. Such engines were consequently 
available only where the suspension of the moving power 
was not prejudicial ; as, for instance, in raising water from 
mines. This most serious defect was remedied by Watt's 
invention of the dotible acting steam engine^ in which, as we 
have already remarked, steam power both raises and de- 
presses the piston in the cylinder, by which means the 
engine's working is rendered continuous, and it is thereby 
made capable of imparting to machinery connected with it 
any kind of movement that may be desired. We shall 
now add a more detailed explanation of an engine of this 
kind. 
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Fig. 126. represents the boiler and the parts belonging (o 
it;^. 127, the mechanism of the engine comiected with it. 

B B is a longitudinal section of a cylindrical or coffer- 
shaped boiler, with the furnace F F under it; WW is the 
normal height of the water, in the space S, above which 
the steam is accumulated. 

Low-pressure engines are furnished with a gaug€y to show 
at any moment the height of the water in the boiler. This 
instrument consists of a tube, communicating both with the 
water and with th6 space allotted to the formation of steam ; 
the vertical part ^ t is of glass ; and by the laws of hydrostatics 
(§ 156.), the water in the tube must stand at the same level 
as that within the boiler. In high-pressure engines, two 
cocks c and c' are inserted in the boiler ; the former c, the 
water-cock, communicates with the fluid in the boiler ; the 
other (/, called the ^am-cock, terminates in the part allotted 
to the steam ; when the water is at its proper elevation, on 
opening the cocks, water will issue from the lower one, and 
steam from the upper ; if the boiler contain an insufficient 
quantity of water, steam will be discharged from both the 
cocks ; if the supply of water be too great^ then it will issue 
from them both. 

It is of extreme importance that water should be uninter- 
ruptedly suppliedHo the boiler, to compensate for the waste 
occasioned by its conversion into steam. This object b 
attained by furnishing the boiler with a feed-pipe, the me- 
chanical construction and working of which have been 
already explained in § 1 71. The water in the feed-pipe V 
must necessarily stand at such a height, that the weight of 
the column of water, together with the weight of the atroo- 
phere, may serve to counterbalance the expansive force of 
the steam. Thus, if we suppose the pressure of the steam 
to exceed that of the atmosphere by 1 lb. on the square 
inch, then the column of water in the feed-pipe must be 
f?2 : ^=26*^ in. (for 1 cubic inch of water weighs -ft of a 
half-ounce, and 32 half oz., or 16 oz. = 1 lb.) or something 
more than 2 feet high ; if the excess of pressure be 2 lb. per 
inch, the height of the column must be more than 4 feet, 
and so on. If the steam exerted a pressure of 2 atmo- 
spheres, a column of water would be required 32 feet in 
height ; hence this kind of feeder is available only in low- 
pressure engines, in which the tension of the steam at most is 
not more than 4 lbs. per square inch greater than that of the 
atmosphere ; equal to about l\ atmosphere. In high-pres- 
sure engines, which would require feeders of unwieldy 
dimensions, the supply of water is kept up by means of 
pumps worked by the engine itself. 
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In order still further to show at.any moment the tension 
of the steam in the boiler, a harometer-guMge, or manometer 
M, is connected with it. A full description of this instru- 
ment is given in § 200. It is depicted on a larger scale in 
figs. 136 and 137. Vol, I. page 228. 

To secure the boiler from explosion caused by the steam 
contained in it, it is not enough that we should be able to 
know, from time to time, the pressure of the steam in the 
boiler ; for it is very possible that, for want of the proper 
degree of care on the part of the engine-man, it might be 
allowed to acquire too great a force; hence provision is 
made for the escape of the steam by the safety-valve, so soon 
as its pressure shall exceed the maximum pressiye for which 
the boiler has been constructed. Generally speaking, this 
apparatus consists of a ccHiical valve in the upper part of 
the boiler opening outwards, as has been shown already in 
Jigs, in a and 6. (For a full description, see § 412.) 
Sometimes the valve is loaded by means of weights sus- 
pended to the end of a lever ; sometimes the weight is laid 
immediately on the valve itself, which in that case is 
covered with a metallic capsule to prevent its being over- 
weighted, and the metal is pierced with holes to allow the steam 
to escape. In low-pressure engines, whose boilers have an 
inconsiderable thickness of iron compared with that of which 
the high-pressure engines are made, the external pressure of 
the atmospliere might prove destructive, if by any means the 
expansive force of the steam within fell much below the 
pressure of the atmosphere without. To guard against such 
an occurrence, which might happen if the quantity of steam, 
and consequently its tension, were too much diminished by 
an excessive fire, there is attached to these engines a valve U 
opening inwards, connected with a lever ach^ at the ex- 
tremity of which is suspended a weight w, that exerts a 
force of 4 lbs., or thereabouts, on the square inch ; so when 
the excess of the weight of the external air is more than 
4 lbs. over the pressure of the steam in the boiler, the valve 
opens, and such a quantity of air is admitted as altogether 
removes the danger of compression. In high -pressure 
engines this contrivance is unnecessary, the plates of which 
their boilers are composed being of such a thickness, that a 
force of 15 lbs. (m the square inch does not exert any pre- 
judicial influence upon them. — Sometimes boilers have 
been constructed with holes that have been closed with some 
alloy that fuses readily (§ 401.), and then, on the boilers 
becoming too much heated, the alloy melts, and the steam 
escaping, all danger of explosion is avoided as effectually as 
when the ordinary safety-valves are used. Explosions have 
a 2 
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occasionally happened, even after erery precaution has been 
taken. These are probably owing to Leidenfrost's pheno- 
menon. (§ 404.) When through any negligence on the part 
of the engine-man, or through any defect in the feeder, the 
water in the boiler has been allowed to sink so low, that 
part of the surface which is exposed to the action of the fire 
is rendered red-hot, being no longer in contact with water ; 
if then water is poured into the boiler, we have precisely 
the combination of circumstances requisite for the production 
of the phenomenon observed by Leidenfrost ; the water on 
coming into contact with the red-hot metal does not boil 
immediately ; but when the temperature of the latter is 
suflBcie^tly lowered, steam is generated with such intensity 
that it cannot escape with adequate velocity by the safety- 
valve, and the consequence is that the boiler bursts. 

As water is obtained perfectly pure only by distillation, 
that which is used in the boilers of steam-engines alway!<« 
contains a greater or less quantity of foreign matter, such as 
carbonate or sulphate of lime, &c., which gradually forms a 
deposit at the bottom of the boiler, and being hardened by 
the continued action of the fire, forms a stony coatbg or 
crust ; this, in part, tends to retard the heating of the water ; 
it also causes the boiler to be more quickly injured by the 
fire. When the boiler is of sufficient dimensions, a hole L 
*is left, large enough for a man to go down by to clean it out ; 
this aperture is, of course, secured at other times by a valve ; 
in tubular and other small boilers, some other contrivance 
is adopted for cleaning them from this crust. 

Lastly, the boiler communicates with the cylinder by the 
steam-pipe ss ; the aperture to which is closed by a valve 
N, that is not opened till the steam has acquired the requi- 
site degree of pressure. 

Tlie steam is conveyed along this pipe in the direction 
indicated in^^. 127. by the arrows, either through a or 6, 
by t\\e four-way cock into the cylinder C. 

The alternate admission of the steam above and below the 
piston is regulated by a system of levers ^, to which is 
attached a handle or spanner^ connected with some part of 
the machinery, the elevation and depression of which turns 
the cock. 

The steam thus admitted above and below the piston P 
drives it up and down in the cylinder ; the piston-rod E i« 
connected at one end with the beam B F, a two-armed lever 
moveable about its ftilcrum A ; at the other or working-end 
of which F is the connecting-rod F R, whose lower end B is 
attached to the crank by a pivot ; it is this rod which sets in 
motion the/ly-wheelf that drives any machinery connected by 
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a system of tooth-and -pinion work with its axis : the equal 
motion of the machinery will be owing to tbe inertia and 
momentum of this wheeL (§ 27.) When the steam has dis- 
charged its ofiBce of elevating or depressing tbe piston, as^ 
the case may be, it is carried off by tbe eduction-pipe ff into 
the condenser I, which stands in a ctstem L of cold water ; 
the steam on entering the condenser is instantly converted 
into water by a jet of cold water from the injectiou'Cock, 
The warm water thus accumulating in the condenser as also 
the air carried in with it, is pumped out by the air-pump O 
into the hot- well W, wbence the hot-waier pump h raises it 
through the feed-pipe i % to the feeder, by which it is returned 
to the boiler. Lastly, the cold-water pump S supplies the 
cistern L with the requisite quantity of cold water. As the 
diagram indeed shows, all these pumps are connected with 
the beam, and are worked by it. ^ 

Tbe diagram represents the . cock c in such a position 
as to allow the steam to enter from the boiler and pass down 
the tube a below the piston, whilst the portion above the 
piston escapes by b through / into the condenser. When 
the cock has made a quarter turn, it will be in the position 
represented in Jig. ] 28 a ; the steam will then pass through 
6 above the piston, and that which is below it will escape 
through a and /into the condenser. 

Fig. 128. 




mg 




Instead of the four- way cock just described, the D-valve 
is often used, especially in high-pressure engines. It consists 
of a hollow semi-cylinder connected with the exterior of the 
cylinder, and furnished with a slide, moved up and down by 
the machine, so as alternately to admit the steam above and 
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below the piston. Fig, 128 e represents the position of 
this vaWe when steam is admitted above, and jig. 128 6, 
when admitted below, the piston. 

To insure a steady movement in the engine, the goitemor 
O (Jig. 127. ) is added. Tliis apparatus, also the invention of 
Watt, consists of fT vertical iron rod, from the upper part of 
which are suspended two other iron rods, loaded at the 
ends with heavy balls, something like pendulums. There are 
various modes by which the governor is connecte I with the 
axis of the fly-wheel, so as to receive finom the latter a rota- 
tory motion about its axis, in consequence of which the balls 
acquire a tendency to fly off proportionate to the velocity 
with which they are made to revolve. An iron ring z, which 
slides freely up and down the perpendicular rod, is con- 
nected by two strong wires with the pendulum-rods. This 
ring or collar is made to rise or fall, as the centrifugal force 
of the balls causes them to recede from, or approach towards, 
the perpendicular. A system of levers is connected with 
this ring, joining it with the steam pipe ; the size of the dia- 
gram precludes our doing more than indicating its position 
by the dotted lines xxx. By this arrangement a valve, 
termed the throttle-valve, is made to regulate the admission 
of the steam, the ascent of the balls causing the levers^ more 
nearly to close the valve, and so diminish the quantity of 
steam received into the cylinder ; their descent, having the 
opposite effect of opening it more widely, admits the steam 
more fireely. 

Non-condensing engines are much moi% simple in their 
construction than Watt's double-acting condensing-engine, 
which we have just described, as in them all the arrange- 
ments for the condensation of the steam are dispensed with. 
They must necessarily be double-acting, and must work at 
h^h pressure ; as, instead of condensing their steam after it 
has pressed the piston one way, they allow it to escape into 
the air ; the piston must tberetbre on its return be propelled 
with a force exceeding the pressure of the atmosphere. — 
Engines of this kind were first constructed by Trevithick in 
England and Evans in America. — Condensing-engines may 
also be made to work at high pressure. Their mechanism in 
the main resembles that of Watt's double-acting engine, 
already described. They will require a larger jet of water 
in consequence of the higher temperature of their steam, and 
a force-pump must be used that will overcome the pressure 
oi the steam in the boiler, in order to maintain the requisite 
supply for the production of the steam. 

Mr. Perkins's modification of the steam-engine is de- 
serving of a short notice, as so much was anticipated from 
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its performances at first, although up to the present time no 
very satisfactory result has demonstrated the peculiar ad- 
vantages of this machine. The distinguishing feature in this 
engine is the mode in which the steam is produced, as it has 
no proper boiler, but merely a very strong cylindrical vessel, 
to which the inventor gave the name of generator^ which is 
completely filled with water, and then placed in the fire till 
it acquires a temperature of from 400° to 450° Fahr. Now, 
if an additional quantity of water be driven by means of a 
force>pump into the generator, a portion of the heated water 
will be discharged through a valve, and instantly converted 
into steam, having, according to Mr. Perkins's estimate, a 
pressure equal to that of about 35 atmospheres, that is to 
say, of about 500 lbs. on the square inch. Steam at this 
extremely high pressure is then admitted into a cylinder 
only 18 inches long and 2 inches wide, the piston in which 
would perform 200 strokes in a minute, and exert a force 
equal to 10-horse power. Steam-engines of this kind, ac- 
cording to their original construction, would occupy but 
little room, and would consume only Jth as much fuel as one 
of Watt*s double-acting engines ; but when made of these 
small dimensions, they were of little practical utility ; and if 
on a large scale, it is difficult to secure the requisite strength 
in the materials, especially in the generator, which is exposed 
to so intense a heat, for the great increase in the temperature 
proportionallv weakens the cohesive force. There is also the 
further difficulty in procuring any unctuous matter to lubri- 
cate the piston at a heat which would convert our ordinary 
unguents into vapour. These steam-engines excited the 
greatest share of attention, in consequence of the notion that 
the expansive force of steam might be substituted for that of 
gunpowder in military operations. The principal points in 
which these steam-guns differ from those ordinarily used in 
warfare are, that, owing to the duration of the propelling 
force, they enable us to discharge in a short time a great 
number of balls and, in consequence of the facility with 
which the tube may be turned on a swivel, the shower of 
balls may be directed in any direction that may be desired. 
At first it seemed as if the discovery of this new engine 
would lead to as great a revolution in the art of war as the 
invention of gunpowder itself had already produced. The 
experiments which have been performed both in Eng- 
land and France with a view of settling this question, have 
established the fact, that, as at present constructed, they are 
ill adapted for use in war. It was found that these engines 
required complicated and ponderous apparatus, even when 
a 4 
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their size was only such as fitted them to discharge small 
shot ; that a considerable time must elapse before the st^am 
attained the necessary force to effect the discharge; and 
lastly, that the force of percussion attained by the balls was 
less than that of similar balls projected by means of gun> 
powder. Prechtl, in his Jahrbuch, d. K. K. polytechn. 
Instit. zu Wien ix. 1 — 42., has demonstrated that the e£Fect 
of steam, under those circumstances in which it has yet been 
found, is not equal to that of gunpowder when applied to 
large shot. 

The great superiority of steam over every other motive 
power is this, that, provided we can have the necessary fuel 
and water, we can apply it to any point we desire, and within 
pretty extensive limits we can increase or diminish its force. 
It can be applied with great advantage in circumstances 
where other motive powers, water-power especially, would 
be inadequate to perform the duty required, or insufficient 
and uncertain in its supply. If we compare, in an eco- 
nomical point of view, steam and water power, we must be 
guided in our decbion, not merely by the original outlay or 
the actual cost of working the two powers, for in respect of 
original expenditure water will probably be the more costly, 
and the cost of working it small ; whereas, the steam-engine, 
if cheaper in the first instance, entails a permanent expense. 
If, however, a regular and uninterrupted force is wanted, as 
in mining operations, navigation, many kinds of manu- 
factures, &c., then the steam-engine has a decided superiority 
over water-power in its jgreater regularity and certainty ; 
and unless, which is rarely the case, the supply of the latter 
is both constant and equal, it is ill suited for these purposes. 
If the work required to be done is uncertain in amount and 
irregular as to time, so that the furnace would have to be 
lighted and (ire extinguished frequently, then the great 
expense which would be incurred would render water-power 
preferable. Many circumstances would contribute to decide 
the choice in favour of the one or other kind of engine, such 
as the purpose to which the engine is to be applied, the 
situation where it is to be erected, the cost of fuel, &c. 

The older sort of atmospheric engines^ working at low 
pressure, are very well adapted, where fuel is cheap, to raise 
water from mines, to supply towns with water, and to elevate 
any great masses of water. Indeed, their mechanism is ex- 
tremely simple ; they can be put up, and, when necessary, 
can be repaired with greater ease than engines that work by 
the pressure of the steam. If made of sm^l dimensions, their 
useful effect is insignificant, as the relative consumption of 
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coal greatly exceeds their effect if the cylinder be less than 
25 inches in diameter. 

Simfle-acting steam-engines, in which the pistcm is driven 
one way by the pressure of the steam, in consequence of 
their mode of acting, are available only for elevating water 
and performing that kind of work which is not impaired by 
the suspension of the power during the return of the piston. 
Generally speaking, their useful effect is not greater than 
that of the ordinary atmospheric engines; but their con- 
sumption of fuel is only one-third or half as much, and 
the quantity of water required for injection is also less. 

The double-acting steam-engine, of which we have already 
given a detailed explanation, is best adapted for general 
purposes, and for accomplishing those performances to which 
the steam-engine is applied: hence of stationary engines 
this is the kind in most general use. The movement of 
this engine is extremely regular, for which reason it is well 
suited to drive mill- work, looms, &c., where the greatest 
attainable regularity in the performance is desired. The 
only limit to their adoption is, that there should be a facility 
for obtaining the requisite amount of water for injecting. 
These engines work with a smaller cylinder and consume 
less fuel than the single-acting engines. Their usefiil effect 
is greater, as the whole of the steam pressure is used in 
working the machine. They have been applied with com- 
plete success to propel large steam-vessels which were for- 
merly believed to require high- pressure engines. 

Machines that work by expansion require still less fuel 
than Watt's double-acting engines without expansion, as 
with an equal consumption of fiiel they perform nearly twice 
the duty of the latter ; and even if the expansive force of 
the steam is partially used in the latter, yet these engines 
will even then do half, or at least one-third, as much more. 
Their force may also be increased at any time, provided that 
the steam is not already at its greatest expansive force. This 
cannot conveniently be done with the double-acting engine. 
These advantages are counterbalanced by this drawback, that 
they are suited only to produce rectilinear motion, as the 
stroke of the piston is not performed uniformly ; and if their 
movements were to be equalised by means of a fly-wheel, it 
must necessarily be of such extreme dimensions as would 
render its use objectionable. Besides, these engines are more 
complicated in their construction, and, consequently, more 
expensive in the first instance, as well as more likely to get 
out of repair, and more difiScult to mend. For these rea- 
sons they have been less generally adopted, and in England 
have almost entirely ceased to be used. 
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All kiffh'pressure non-condensing engines are, as respects 
their mechanism, &r more simple than the preceding. They 
occupy less room, and are the lightest made. Their con- 
sumption of fuel is, however, the greatest. They are ap- 
plied advantageously in all cases where space is an object, 
and when the water requisite for condensation cannot be had, 
or can be had only at an undesirable sacrifice of power. 
Their most extended application has of late been in loco- 
motive engines, whose piston-rods are connected immediately 
by means of cranks with the working-wheels, by whose ad- 
hesion to the ground the load is propelled. In these engines 
the boiler and furnace are arranged so as to generate steam 
of high pressure in the least possible time. For every horse- 
power they weigh from 13 to 15 cwt, or about half as much 
as a double-acting steam-engine weighs. The original cost 
of stationary non-condensing high-pressure engines is less 
than that of condensing engines ; but the expense of working 
them is greater. Their effect is no greater, and their boilers 
are much more liable to burst, which generally happens 
either through the steam being allowed to acquire an ex- 
cessive expansive power, or through some irregularity in the 
supply of water. When local circumstances will admit, it is 
sometimes convenient to apply the waste steam of these 
engines to heat water for drying apparatus, or for warming 
rooms. High-pressure condensing-engines, working also by 
expansion, are more economical than the non-condensing 
engines or than either the atmospheric or the single-acting 
engine, provided only that the requisite supply of water can 
be readily obtained, and that its somewhat irregular acdon is 
not a serious drawback. These engines are frequently used 
in steam-boats, where water for condensation can be secured 
with the greatest facility. 

The number of steam-engines is annually increasing at a 
rapidly progressive rate. Fifty or sixty years ago there were 
not ICX) in use ; at the beginning of the year 1838, their 
number was estimated at about 200,000, equivalent to the 
labour of about 4,000,000 horses. The incessant extension 
of lines of railway will call into existence a growing number 
of additional engines. 



§421. 

The performance of a steam-engine is generally measured by the 
amount of its horse-power. This unit of power dates from the 
first application of the steam-engine in England to raise water 
from the mines, a work formerly accomplished by animal labour : 
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their performances were estimated by the useful effect one horse 
would produce during the ordinary duration of his work (§ 28.). 
This dynamic unit has hence been termed horse power ; to it 
▼arious values have been affixed, but generally it is now estimated 
as a force that would suffice to raise a weight of 83,000 lbs. a 
height of one foot in one second of time. 

In France a new dynamic unit has been adopted, viz. 
the force which would raise 100 kilogrammes per minute 
through a height of one metre ; the simplicity of this mode 
of reckoning will be a recommendation wherever the 
decimal system of weights and measures has been adopted. 
It may be hardly needful to remark that the nominal value 
of horse-power does not coincide with the actual per- 
formance of the animal, as the number of hours that animal 
exertion can be continued is limited in a manner that steam- 
power is not, consequently we are not to suppose that in 
useful effect 20 horses could be substituted for an engine of 
20-horse power. 
The gross effect of a steam-engine is found from the super- 
ficial content, or from the diameter, of its piston, the pressure on 
the piston, and its velocity. The last-named element is determined 
by multiplying the height of the piston-rod in feet into the 
number of strokes it performs in a minute, a whole stroke being 
both the ascent and descent of the piston in the cylinder, its , 
motion either way being reckoned as a half stroke. From the 
gross effect thus found deduct the power spent in overcoming 
Miction and in first communicating motion to the various parts 
of the engine. A further allowance has to be made on the account 
of the resistance of the uncondensed steam in the condenser; 
in non-condensing high-pressure engines this drawback is 
reckoned to be equal to one atmosphere. Hence the uufvl effect 
of any engine is found by making all these deductions from its 
gross effect (1), and dividing the remainder by the dynamic 
unit. 

1. ) The amount of power lost in different engines de- 
pends very much on their construction ; in atmospheric 
engines it amounts to 0*52; in single-acting and non- 
condensing high-pressure engines it is 4; in double-acting 
engines 0*368 ; commonly one-third is assumed as a mean. 

The following example of the mode in which the effect of 
a double-acting steam-engine is calculated may perhaps 
serve to illustrate the preceding remarks : — Suppose the 
expansive force of the steam in the boiler to be equal to 
1^ atmosphere, and the temperature in the condenser 102°, 
then the force of the steam in it will, by Table XII., be 
2*21 inches =0-074 of an atmosphere; hence the effective 
pressure of the steam on the piston id 1*5— 0*074 = 1*426 
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atmosphere. From this deduct | for loss of power, and 
the useful effect with which the engine works will be 
1*426 X 1=0*95 of an atmosphere. Then assume the atmo- 
spheric pressure per square inch to be 15 lbs., and we shall 
have 0-95 X 15 = 1 4^ lbs. for the pressure exerted on every. 
square inch of the piston's surface, or 0*785 x 14{ = 11 '2 lbs. 
on a circular inch. Next, let the piston be 20 inches in 
diameter, and the power with which it works will be 
30* X 11*2=4480 lbs.; if the length of the piston-rod be 
8|feet, and it performs 64 half strokes per minute, its 
velocity will be 64 x 3^=224 feet. This machine would 
consequently raise 4480 x 224=1003520 lbs. one foot in a 

minute, its horse power is therefore = 30. 

^ 33000 

Had it been a high-pressure engine working with steam 

at 4| atmospheres, the dimensions being the same in this 

case as in the preceding, the pressure on the piston would 

have been 3| atmospheres ; and, af^er deducting the loss of 

power, its useful effect would have l>een 3*5 — 0*4 = 3*1 

atmospheres, or 3*1 x 15 = 46 '5 lb. per square inch, or 

0*785 X 46^=36*5 lbs., the useful effect on the circular inch 

of the piston. The engine would therefore work with an 

effective force of 20^ x 36*5= 14,600 lbs., and a velocity of 2*4 

feet; it would therefore elevate 14600 x 224=3270400 lbs. 

3270400 

one foot per minute, and it would have = lOO-horse 

*^ 33000 

power. 

The subjoined formula will give the horse power of an 
engine more readily and with sufficient exactness for ordi- 
nary purposes : — 

0-0000238 d«V P=n-horse power, d being the diameter 
of the piston in inches, V its velocity in feet per minute, 
P the pressure of the steam per square inch after the deduc- 
tion is made for loss of power. By means of this formula 
we can find the value of d, V, or P, the other quantities 
being known. 

The double-acting low-pressure engines generally work, 
after making the proper deductions, at a mean pressure of 
one atmosphere, with a force of 0*785 x 15=»11*7 lbs. per 
circular inch, and with a velocity of 200 feet per minute. 
Every circular inch of the pbton*s surface therefore ex- 
presses a force of = J-th of a horse power ; 

* 33000 ^ 

whence, on every 14 circular inches of the piston, there will 
be a force of one-horse power. An engine of 30- horse 
power would, by this calculation, require a surface of piston 
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of 30 X 14 e: 420 inches, and a diameter of ^/420 = 20 4 
inches nearly. 
In every steam-engine the quantity of fuel consumed in 
raising the steam of requisite pressure is an important subject to 
be considered. It is reckoned at so much per horse power, and 
depends partly on the kind and goo'dness of the fuel itself, partly 
on the size and construction of the engine, but principally on the 
arrangement of the boiler and grates. The most efficient fuel is 
good coal; next, the brown coal ; then turf and wood.(l.) Large 
steam-engines of similar construction require less fuel than 
smaller ones ; t. e. an engine of 10-horse power would not con- 
sume so much fuel as 10 engines of one-horse power each ; 
generally speaking high-pressure engines use more coal than 
low-pressure engines. The latest experiments (18S8)madein 
France on the consumption of coal, have given the following 
results, that low-pressure engines, on an average, consume for every 
horse power 3 '8 kilogrammes of good coal per hour = 8lb. 6oz. Sdr. 
avoird., and that high-pressure engines consume 6 '42 kilo- 
grammes in the same time=14lb. 2oz. 11 dr. avoird. 

1.) If English coal be reckoned as 1, experiment has 
shown that Liittich coal is equal to § to J, Dresden ,«t|, good 
brown coal at ^^y turf and wood at a mean op^ tfae^^weighK 
of each of these kinds of fuel being equal. / r -. ", ^ * 

;? ^' ^^I r ■-• 

§ 422. '-:, > *vv ^-"^ 

The application of steam to the drying of substances "ao^ the . 
heating of rooms depends on this property, that when it comet 
iofto contact with bodies cooler than itself it becomes condensed, 
and imparts to such bodies the greater part of its heat of con-' 
o«r«i(m, which has been variously estimated at from 942° to 1007°, 
in raising water from 42° to 212°, and conversely in cooling 
steam at 212° to 42°. ( §§404. 412.) To heat buildings, the 
steam is generated in a vessel, very much like the boiler of a 
steam-engine^ whence it is conveyed by pipes into the large 
tubes by which it is proposed to heat the chambers ; these large 
tubes, condensing the steam they contain, impart to the ambient 
air the caloric thus liberated. By a continuation of these pipes 
the steam, on its conversion into water, is conveyed back again 
to the generator. The pipes carrying the steam are made of 
some material that is a bad conductor of heat, to the point where 
it is desired that the process of warming should commence, and 
there they are joined on to metal tubes. This method of warm- 
ing buildings whose duiiensions are large, and which contain 
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many chambers, all to be maintained at an equal temperature, 
has the two great recommendations of accomplishing the desired 
object at a smaller expenditure of fuel, and without exposing the 
buildings to the risk from fire, to which they are liable when 
heated by the ordinary mode. 

This method of heating by steam has been applied to the 
drying of gunpowder, by which the risks of explosion are 
greatly obviated. 

As 1 lb. of steam at 212^ would raise 1 lb. of water from 
32*^ to 1004*^, whilst the capacity of the atmosphere for heat 
is only 0-2669 that of water (See Table XL), it follows that 
1 lb. of steam at the above temperature would raise the 
temperature of 1 lb. of air at 32*^, that is to say, of a volume 

Q79 
of air 770 times that of the water, to - «3604Q ; it 

0-2669 
would therefore raise the temperature of a volume of air 

S604 

•JrrZ X 770=77000 times greater than the volume of the 

36 ^ 

water up to 68°. 

Clement states that his experiments have shown that, in 
the mild climate of England, the tubes ought to have a sur- 
face of 1*5 square foot adequately to warm a space of 100 
cubic feet ; that, in northern France and Germany, to warm 
the same .bulk of air, there should be a surface of 1*66 square 
feet of piping. 



§423. 

We have already observed that steam is used to macerate, or 
even entirely to dissolve solid bodies ; this it effects, partly by 
means of the great quantity of latent heat it contains when at 
a high pressure, partly by its elastic force, and partly also by the 
extreme minuteness of its particles and the readiness with which 
they move among each other ; hence they are enabled to pene- 
trate into the interior of the substances on which they act, for 
they are urged by an equal pressure in all directions, and the 
substances submitted to the operation of this force readily fall 
asunder in minute portions. 

However varied the forms of the apparatus for cooking hy steam, 
the. principle on which they act is common to all. Generally 
speaking, they are constructed either so as to convey the steam, 
generated in a boiler, by means of tubes, immediately to the meat 
which is contained in closed vessels, or the tubes are made to go 
round the outsides of these vessels; sometiiQes high-pressure 
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steam is used, and at others that which is generated at the ordinary 

boiling point. 

The first application of steam in this way to culinary 
purposes was made hy Papin, the inventor* of the Digester, 
in the early part of the 1 7th century^ in this instrument 
he heated water considerably above its boiling point, and 
converted bones to a jelly. 

The solvent power of steam is applied with advantage to 
many purposes connected with the arts ; in large establish- 
ments such as hospitals, barracks, &c. it effects a large 
saving in expenditure if the food be cooked by steam. 



VIII. THE VARIOUS SOURCES OF HEAT. 

§424. 

Experience proves that the heat existing upon our globe is 
derived from various sources : of these the principal are, the solar 
lights the change in the aggregate form of bodies, their capacity for 
heat, and their chemical composition ; electricity / the terrestriai 
heat; the process of vitality ; and many mechanical operations. 

§425. 

The rays of the sun supply the greatest portion of the heat at 
the earth's suriace : one convincing proof of this is, that if any 
body be placed in the rays of this luminary, its temperature rises. 
The degree in which its temperature is elevated depends on the 
angle at which the sun's beams impinge on its surface, on the 
quantity of light united in one point, on its colour, and on the 
absorptive power of the body itself. 

A body becomes heated the more intensely by the sun's rays 

the nearer the angle under which those rays fall upon its surface 

approximates to a right angle, on attaining which the maximum 

effect is produced : hence the intensity of heat imparted to a 

body corresponds with the intensity of its illumination. (§ 285. ) 

Hence we understand why the sun has greater power at 

noon than in the morning or evening of the day ; also, why 

snow on the roofs of houses inclined towards the south is 

melted before that which lies horizontally upon the ground. 

In like manner, we can account, firom the inclination of the 

earth's axis towards the sun in its orbit, for the high and 

nearly uniform temperature of the regions near the equator ; 

the lower temperature and the variatiims in the climate of 

those parts nearer to the poles ; as well as the warmth of 
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summer and the cold of winter generally. These results 
are obviously affected by the length of time the light of the 
sun has been in operation ; for we do not experience the 
greatest degree of hea,t exactly at noon, but a little after that 
time ; so too the hottest part of the year is not when the sun 
is at the solstice, but a little after the longest day. 
By means of the reflection and refraction of the sun's beams 
they may be so combined in a focus as to produce a heat suffi- 
ciently intense to melt or convert into vapour almost all known 
substances. On this fact depends the operation of burning 
lenses and mirrors, hence also they derive their appellation. 
(§311.) 

It will suffice to mention the famous burning mirrors 

constructed by Archimedes, also the burning mirrors and* 

glasses of Tschirnhausen and Buffon. Parker, of London, 

constructed a burning glass 3 feet in diameter, and having 

nearly 7 feet focal distance, which fused platina, nickel, iron, 

emerald, asbestos, and other incombustible substances. 

One remarkable property of solar light, with regard to its 

power of exciting heat, is that this property seems intimately 

connected with its refrangibility ; so we see the greatest thermal 

intensity in the neighbourhood of the red rays of the spectrum, 

on both sides of which its heating power diminishes. This 

peculiarity has been already noticed in the section on light 

(§351.), and in that part of this work where radiant heat has 

been treated of (§ 388.); for further particulars, therefore, the 

reader is referred back to those portions of the work. 

The more transparent any body is and the better it reflects 
light, the less does it become heated by the sun's rays ; and con- 
versely, the greater its opacity and the rougher is surface, the 
more intense the heat that can be excited. The colours of bodies 
greatly affect the readiness with which they may be heated, the 
bright colours having the smallest susceptibility for heat, the 
darker colours a greater, but black the greatest ; white has the 
least of all. 

This is so well known a property of solar light that it will 
suffice to adduce but one or two examples. 

Our atmosphere, the most transparent substance with 
which we are acquainted, is the least heated by the sun's 
rays ; glass is more so, and that in precisely the same degree 
in which it is inferior in transparency. 

Polished metallic surfaces if exposed to the sun's rays, arc 
always at a lower temperature than such as are rough. 

Franklin's experiment, with pieces of cloth of different 
colours, is a good illustration of the influence of colour on a 
body's susceptibility of heat. Lay several pieces of cloth 
of different colours on the top of some snow on which the 
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sun is shining ; after a little time the darkest coloured cloth 
will be found to have sunk lowest beneath the surface. — 
Hence we see why black clothing is hotter wear in summer 
than similar articles of dress of lighter colour. — Paint a 
box black inside, close it at top with a pane of glass, and 
expose it to the sun*s rays, the heat in the inside of the box 
will exceed that of boiling water. 

The influence both of colour and surface, as also of trans- 
parency, with regard to heat, will be most readily seen by 
using a differential thermometer in the manner described in 
the second experiment in § 385. 
Other sources of light present to us analogous phenomena 
only in a lower degree, as has been proved by modern researches 
on radiant heat. (§ 387. and § 388.) Whether heat or the excita- 
tion of heat is an essential property of every kind of light or no, 
has not yet been positively ascertained ; but that lij>ht can retain 
all its luminous properties though di^prived of all heating power, 
we see in the case of moonlight. Melloni has proved that the 
«olar light may be deprived of its thermal properties by passing 
it through a sufficiently dense stratum of water. 

From the facts above noticed, it has been satisfactorily esta- 
blished, that light in general, and especially that of the sun, 7s one 
of the principal sources of heat. As yet no perfectly satisfactory 
explanation^ has been given of the connection between heat and 
light : this would require such an intimate acquaintance with the 
nature of both as it is plain we do not possess from the mere fact, 
that two antagonist theories still divide the scientific world as to 
the nature of both light and heat. 



§426. 

One process is continually in operation on our earth by wliich 
heat is generated, namely, the chavges of aggregation bodies 
undergo, the changes in their capacity for heat, and their chemical 
combination and ikcomposition. 

It has been explained in § 399. that, when a gaseous body 
becomes liquid, or a liquid becomes solid, precisely the same 
qtiantity of heat is liberated as was held in a latent condition 
imder its former state. The converse obtains when the oppo- 
site transformation happens. 

So, also, heat is liberated if a body's capacity for heat is 
diminished. (§ 398.) Tliis occurs whenever a body is rendered 
more dense by external pressure, or when its capacity is affected 
by chemical influence. The converse takes place when these 
circumstances- are reversed. (See experiments, §398.) Theiibe- 
ration or absorption of heat will be accelerated in proporti&n to 

TOUU. t 

Digitized by LaOOQ IC 



26S coacBusnov. 

the rapidity with which the condensation or rarefaction of the 
substance takes place. Those metals whicJi admit of the greatest 
compression, as for example copper, give out the greatest quantity 
of Uitent heat when subjected to pressure. As non -elastic fluids 
are incompressible (§ 144.), the quantity of latent heat they 
contain is extremely small ; gases, on the contrary, evolve much 
caloric when their volume is diminished. 

Chemical changes are invariably accompanied by a change in 
the capacity of substances for heat ; this happens because either 
the volumes of the bodies are altered, or they assume a new form 
of aggrej^ation. or the compound has a different capacity for heat 
from that of its elements. Whenever chemical combination 
condenses a body, as when it converts a liquid into a solid, or a 
gas into a liquid, or whenever it lessens the thermal capacity of 
the newly farmed compound, caloric is set free. The dcYelop- 
meut of heat in detonating substances (§ 77 ) forms an exception 
to this general law ; as for instance in the case of gunpowder, 
where the liberation of heat may be explained if we attribute it 
to electrical agency, which greatly modifies chemical operations. 
The process by which we develop the most intense heat is known 
as comhustion. A general explanatioa of the theory of combustion 
has been already friven in § 77. ; minute details belong rather to the 
province of chemistry ; we shall now merely adduce a few expe- 
rimental illustrations of tlye above remarks. 

1.) The term pyrophomavi given to such substances as^ 
by the absorption and condensation of the aqueous vapour 
and other gases contained in the atmosphere, become heated 
and ignite. 

Expt, Spongy platinum is a well-known pyrophorous 
body ; it absorbs hydrogen and oxygen so readily, when it 
comes in contact with these gases, and then condenses them, 
that its entire mass becomes red-hot, and the gas is ignited. 
This phenomenon may be excited by conducting a stream 
of hydrogen from a blow-pipe, or even from a common blad*- 
der, filled with the gas, upon a s>roall piece of spongy plati- 
num laid on a watch-glass. This property of platinum is 
made use of in hydrogen fireworks. 

The residuum of gunpowder not unfrequently ignites spun* 
taneously, becoming incandescent, by absorbing the aqueous 
vapour of the atmosphere ; if breathed on, the same eflfect 
follows. Dobt^reiner has artificially made the compound by 
exposing to a red heat a mixture of one part of burnt alum, 
Jl parts of carbonate of potassium, and from | apart to a part 
of smoke of deal wood. Analogous to this is the spontaneous 
combustion of coal, damp hay, or straw, oiled cotton, &c.; 
all articles of this nature ijiould> consequently, be care^ 
iuUy stowed away. 
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& ) Another example of the same kind is afforded in the 
lieat generated by throiring water on quicklime. The de- 
velopment of heat is accounted for by the formation of a 
hydrate of lime, in which the water assumes the solid form. 

3.) A mixture of water or ice with sulphuric yid pro- 
duces a high degree of heat. 



§427, 

EUctricity is one of the most powerful agents by which heat is 
produced: of this we shall, however, speak at greater length in 
that part of this work which is especially devoted to that branch 
of physical science, when it will be made evident that electricity 
affects the most diverse processes of nature. 



§ 428. 

The terregtrial heat is the source to which the internal solid 
mass of our earth is indebted for its warmth. Modern research 
lias placed it beyond all doubt, that the temperature of the earth 
increases the lower we descend below its surface. Experiments 
bave been undertaken, chiefly in artesian wells and mines, the 
object of which has been to measure, at different places, the in- 
crease in this temperature. 

Professor Reich of Freyberg, Marcet, De la Rive, Erman, 
and Magnus have conducted experiments of this kind. The 
instrument best adapted to this purpose is the Geothermometer^ 
invented by Magnus. Although these re^tearches have not 
yet enabled philosophers to ascertain the law for the incre- 
ment in the heat, yet, taking the results at a mean, it would 
seem that the temperature rises 1® Fahr. for every 60 or 
70 feet we descend below the surface ; hence, at a depth of 
a few miles, the earth must be in a state of incandescence. 
This heat is not the effect of the sun's rays, but is owing to 
^ome internal source. That such an internal terrestrial heat 
does actually exist we have pretty good reason for believing, f^r 
how else can we account for the many hot- springs which gush up 
Irotn great depths below the earth's crust ? How could the earth 
hare acquired its flattened form at the poles, had it not begun to 
revolve when its mass was in a soft, if not actually in a fluid, 
state ? (§ 47. ) If^ now, we suppose that this fluid condition was 
cfwing to the action of heat, and that our planet was once in a 
state of fusion, then, as the process of solidification was carried on, 
tieat would be continually liberated, and this emission of caloric 
astight last for centuries. 

s 2 
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This hefit is not to be confounded with the ttiperfieial warmth 
or temperature of the earth's surface, which depends principalljr 
on the action of the sun*^ rays, and which decreases (for reasons 
already explained in § 425. ) as the latitude of places increases ; 
a warmth which varies ♦ith the time of day and year, which is 
greater \n the northern and eastern hemispheres than in the 
southern and western, which is regulated by the nature of the 
soil, and by its elevation above the level of the sea. Tlie tem- 
perature at the surface is subject to the greatest variations ; the 
daily variations extend to a depth of about 1^ feet, the monthly 
to about 3 feet, and the annual to some 30 feet. 

Our atmosphere derives a portion of its warmth from the sun*s 
rays which pass through it, but its principal source of heat is the 
radiation that is going on from the surface of our planet. It varies, 
therefore, with the climate and latitude of a place, and near the, 
surfiice of the earth it corresponds with that of the earth itself; as 
the height of the strata increases, their temperature decreases. 
No fixed law has yet been discovered by which the decrease of 
temperature is governed. From a mean of numerous observa- 
tions made by Saussure, Pictet, D'Aubuisson, Von Zacli, Homer, 
Ramond, Von Humboldt, Playfair, and Atkinson it has been 
found, that the temperature falls 1° Fahr. for every SSO feet we 
ascend above the level of the s^. 

The mean temperature for any place can be obtained only 
from a large number of observations, on account of the fre- 
quent changes in the warmth both of the atmosphere and o^ 
the earth's surface. . The temperature of the air is generally 
taken at a height of from 5 to 10 feet above the ground. 
The mean daily temperature is pot by taking the average of 
four observations, viz. at 4 and 10 a.m. and p.m.; the 
mean monthly temperature^ in like manner, is the arithmetical 
mean of the daily temperatures for a month ; and the mean, 
annual temperature is the mean of the monthly temperatures ; 
or it may be found with sufficient accuracy by taking the 
mean of the temperatures for April and October. So,, also, 
a pretty correct approximation for the mean daily tempe- 
rature is got from the points of maximum elevation and de-^ 
pression, as shown by a self-registering thermometer. (§ :;68. ) 
Repeated observations have proved, that the mean tempera- 
ture of any place gives the warmth of thQ gropnd 30 feet ^ 
below the surface. 

Connect, by a line, all those places on the surface of the. 
globe which have the same mean temperature, and you have, 
what is called an isothermal line. , If the thermal relations, 
depended solely on the operations of the sun*s beams, these . 
lines would be parallel to the equator, and the temperatures 
themselves would be proportional to the square of the cosine^- 
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of the latitudie. This is, however, by no means the case, and 
consequently, the isothermal lines form curves, deviating 
widely from concentric circles. In general, in Europe, 
they incline most to the north ; whence, under equal latitudes, 
this continent is warmer than America nnd Asia. The 
isothermic maps, first drawn by A. von Humboldt, show at a 
glance the limits of equal temperatures all over the world. 



§ 429. 

The process of animation, or the vital principle, which is so 
intimately connected with the existence and life of all organic 
bodies, is also one of the principal sources of heat It is a well- 
known fact, that living animals have in themselves a source of 
heat, and that their temperature is almost independent of that of 
the ambient fluid. 

The temperature of the human body, in a healthy state, 
stands pretty steadily at from 97^ to 99^, independently of 
the rise or &I1 of the external heat. The temperature of 
many animals, as, ex, gr., that of birds, is higher, generally 
100°. 
The temperature seems to stand at this uniform elevation, in 
consequence of the various functions of vitality, the development 
of heat being caused by the chemical combinations and decompo- 
sitions attendant on tlie process of respiration, and by the purely 
electrical action, which, in all probability, accompanies the opera- 
tions of the nervous system. 

Even vegetable life is a constant source of heat, though less 
high and less uniform than animal life. 



§ 430. 

Lastly; the mechanical means by which bodies are heated, or by 
which latent heat is set free, consist principally in the operations 
which are brought about in bodies by pressure, percussion, or 
friction. 

In the first two modes heat is liberated in consequence of the 
body's density being increased, and its capacity for heat being 
thereby lessened. (§ 39S.) When external pressure can no longer 
reduce the volume of any body, its temperature will not rise^ 
The excitation of heat by friction dees not admit of so ready an 
explanation, for it appears to depend on some peculiarities in the 
nature of heat^ with which we are still unacquainted. 
8 3 
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The following may be named as instances of heat excited 
and liberated by mechanical means:— All solids, but espe- 
cially the metals, may be heated by striking. A bar of iron 
may be made red-hot merely by hammering it. In the 
year 1834 some experiments were performed at Metz, to 
determine the effects of cannon balls discharged against 
masonry. It was found that the balls, as they sank into the 
limestone, of which the wall was composed, geueratea so 
strong a heat, that the surrounding stone seemed to have been 
burnt, and the balls themselves, for some hours, retained a 
sufficient degree of heat to burn any person who touched 
them. 

Gases, by virtue of their extreme compressibility, may be 
considerably heated, and the degree in which their tempera- 
ture is raised may even l» calculated accordingly. (§ 396.^ 
An illustration was given in the ^rst experiment § 398. 
of combustion produced by a great compression of the air. 

The combustion of different detonating salts and powders 
on being struck or even pressed. 

The striking a light by means of a flint and steel. 

Steel tools, such as gimlets, saws, flies, &c., become hot 
when used. — Fire procured by savages rubbing together 
two sticks. — Friction is also the cause of the axles of car- 
riages, the cranks of large machines, the sockets in which 
the axles of fly-wheels work, and the cords that pass over 
pulleys, becoming intensely heated, and sometimes firing. 
This effect of the friction is checked by applying some un- 
guent to the axles and cranks of machinery, and moistening 
cords and wooden wheels. — ITie borers by which cannon are 
bored become so hot that they would blister the hands if 
touched. 



CONCLUSIONS BESPXCTINO THE NATURE OF BOTH 
LIGHT AMD HEAT. 



§ 431. 

In the early part of this chapter (§ 362.) we just glanced at 
the opposite theories which have been entertained respecting the 
nature of beat ; now having noticed some of the principal pheno- 
mena, we shall be better able to compare these theories, and 
observe how far the explanations they afford are satisfactory ; at 
the same time we shall have an opportunity for remarking the 
striking analogies subsisting between light and heat. 
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According to the older hypothesis these different phenomena 
were attrilnited to a material substance of heat, which closely 
resembled the matter of light, but whjch was supposed not to be 
identical with it lliis material heat was imagined to be a very 
fine, highly elastic fluid, but destitute of the primitive properties 
of all other matter, such as weight, impenetrability, &c. All 
bodies whatever, were supposed to contain thin hypothetical heat 
in certain but unequal proportions and especially substances 
were conceived to have for it a different and varying attractive 
force. Most of the phenomena that come under our notice may 
be satisfactorily accounted for on this hypothesis, but not all, as 
€x. gr. the fact, that radiation goes on at all temperatures; for it 
is an established fact, that heat radiates even from sucli bodies as 
have a lower temperature than the others by which they are sur- 
rounded. Again; the uninterrupted development of beat by 
friction and electricity are not satisfactorily accounted for on the 
corpuscular theory. Lastly; the great similarity subsisting be- 
tween light and heat does not admit of so satisfactory an expla- 
nation as upon the undulatory hypothesis. 

According to the second theory, which has been very exten- 
sirely adopted, light and heat are really identical powers, which 
display themselves in different modes of operation, and which are 
convertible the one into the other. On this assumption heat would 
appear to us as light, if its motion were altogether free ; but if 
the light were deprived of its free and rapid motion by the ope- 
ration of other bodies, then we should recognize the same agent 
at work as heat. The phenomena which bear out this hypothesis 
are the following, viz. that light produces heat, not merely by 
concentrating it but also by preventing its radiation, in which 
case it will be absorbed by bodies. (§ 385.) All substances 
become luminous when their heat reaches a certain point, vary- 
ing with the nature of the particular substance. Radiant heat in 
its motion obeys precisely the same laws with light (§ 380 — 
389.), and probably would appear as light to an eye of greater 
delicacy than ours. Although this theory assumes that luminous 
phenomena are never to be found uncombined with those of heat, 
and that the latter are joined with them either as cause or effect, 
yet this assumption is not borne out by experience. 

The third hypothesis, which steadily gains an increasing number 
of adherents, is compounded of the two preceding theories. It 
assumes the existence of an aether which serves as the substratum 
lor the joint phenomena of both light and heat, which owe their 
origin to the vibratory movements of this imaginary fluid, exhi- 
biting to us the phenomena of heat or light, according to the less 
or greater velocity with which the particles are set in motion. 
(§881. and 389.) 

Professor Baumgartner expresses himself in the following 
8 4 
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manner : — If the phenomena of heat be compared with those of 
light and sound, we cannot fail to be struck with the great re> 
semblance lietween them. Light and heat generally exist simu}> 
taneously in the same lM>d y ; they are subject to the same variations, 
and obey the same laws ; both are propagated in right lines, in 
vacuo, and in air of uniform density ; both travel witii incredible 
velocity; both are refracted, dispersed, reflected, polarized, ab> 
sorbed, &c , for the most part .according to the same laws. With 
regard to sound, it has been proved, that it is caused by the 
vibrations of the particles of bodies. Now, between heat and sound 
many points of coincidence have been found ; for example, both 
are excited by means of friction, both are propagated by radiation, 
both suffer reflection, and both lose in intensity by passing from 
one medium to another As the rays of sound render a body- 
sonorous, so those of heat render it warm : whilst a body fK>unds 
in harmony with the original note, the sound is also propagated ; 
thus, as any body becomes heated by another, it also imparts heat 
to whatever surrounds it. Now, it has been proved beyond dis- 
pute, that sound is essentially owing to the vibrations of bodies, 
and as its radiant propagation can be conceived of only as the 
result of undulatory movements, for no fluid has yet been dis- 
covered whose parts radiate (i.e. advance in right lines), analogr 
requires us to assume that heat, like sound and light, consists 
essentially in a vibratory moti3n ; the vibrations of sound taking 
place in the particles of sonorous bodies, whilst the undulations 
of light and heat transpire in aether. The luminous vihrations 
have a greater velocity than those of heat, the fonner exciting in 
the optic nerve the sensation of light, much as the vibrations of 
sonorous bodies produce in the organs o\ hearing the sensation of 
sound. The more tardy vibrations of the aether cause merely the 
sensation of heat or cold in this respect resembliitg those vibra> 
tions of a sonorous body, which are perceptible by the si»ht and 
touch, thout^h not sufficiently rapid to produce a sound. The 
supporters of the views just developed are not agreed as to 
whether the phenomena of heat are owing solely to the vibrations 
of theasther, or to those of tl>e bodies themselves or in part to both. 
A curious phenomenon, and one which is favourable to ihist 
theory is, the emission of sounds by heated metals when placed 
under advantageous circumstances, 'ilie most convenient ap- 
paratus for their production is the Thermophon, called also, 
after its inventor, Trevelyan^s Instrument It consists of a 
metallic body, generally of brass, which is flrst heated and 
tlien laid on a cold block of lead, to which it gradually im- 
parts its heat; during the process of cooling, the former body 
contracts in a manner by reguiar pulsations, and in so doing 
emits musical sounds, which cease entirely when the tempe- 
ratures of the two metals are equalized* 
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If now we review the various phenomena of light and beat, we 
shall find many things which cannot be satisfactorily accounted 
lor upon any one of the theories we have noticed. Hence we must 
.admit that, in our present state of knowledge, the nature of heat 
and light is not so thoroughly understood as to warrant us in 
pronouncing unhesitatingly as to the accuracy of this or that 
-view ; and lastly, in the construction of theories, it behoves us to 
proceed with greater caution than was exercised by men of science 
in bygone times, the very much wider range of phenomena 
brought under our view rendering it more difficult satisfactorily 
to explain them according to any single hypothesis, than it was 
for our predecessors to account for the comparatively small niun- 
iier of phenomena on which their theories were built 



SECTION III. 

MAGNETISM. 
1. PHENOMENA OF MA6NKTISM IN 6EMERAI. 

§ 4S2. 

In the preceding sections in which we have treated of the 

phenomena of light and heat, we found that the senses of sight 

and touch were affected by these tMo agents respectively. 

Magnetism, which we have next to consider, differs essentially 

from them in this respect, that it exerts no immediate influence 

w^hatever on any part of our nervous system. Substances endowed 

with magnetism .attract certain metals ; they display toward^ one 

ufu^her a /(tree partly attraciice and partly repulsive ; and lastly, 

they exhibit a tendency to arrange their maxs in a certain direction. 

However simple these isolated fundamental effects may 

appear, yet the ultimate causes which produce them must 

remain shrouded in obscurity, unless we can discover the 

laws which regulate the mutual operations of this and the 

other physical agents on each other. Our knowledge of 

this subject has been greatly increased of late by the 

discovery of electro-magnetism and magneto-electricity ( which 

are treated of in the concluding sections of this work); 

and the fact has been established beyond dispute, that 

magnetic influences are affected by, and that they in their 

turn affect, heat, light, and electricity. We may, therefore, 

well hazard a conjecture, that magnetism has a far wider 
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gphere of operation than the exertion of its attractive and 
repttlsive forcvs would indicate ; and that, probably, many 
a phenomenon is ultimately owing to magnetic influence, 
although the mode of its connexion with that force is 
unknown to us. 

llie existence of a magnetic power was known fh>m an 
early date ; but the ancients were acquainted only with the 
attractive properties of the loadstone, to which mineral they 
gave the name of magn^ probably from the circumstance 
of its being found in abundance in the neighbourhood of 
Magnesia, a city of Lydia, in Asia Minor. The method 
of making artificial magnets was discovered in the 14th 
century, and the science soon acquired increased importance 
on the introduction of the mariner's compass into Europe. 
The rapid advances which have since been made in every 
department of natural science have caused the laws of 
magnetic influence to be more closely studied ; our acquaint- 
ance with the operations of this powerful and widely 
extended force has accordingly become much enlarged. 



II. NATURAL AND ARTIFICIAL MAGNETS. 
§433. 

Such bodies as possess the attractive power we have described 
above, are termed Magnets ; they are known by their drawing 
towards themselves, though from diff*erent distances, iron, steel, 
nickel, and cobalt, as also such other mineral substances as contain 
a portion of iron in their composition. If the attraction be 
converted into absolute contact, the magnet will hold the other 
body with a force whose intensity depends on a variety of 
circumstances. If a ma<;net be placed so that it can move its 
mass freely, it will invariably assume a certain definite position 
with respect to the earth. 

Magnets are either natvral or ariificiaJ: the former are iron 
ores, often called loadstonet^ and are found either at or below the 
surface of the earth ; the latter are commonly of steel, they are 
of various forms, and the magnetic properties are imparted to 
them by a process which will be described presently ; they are 
named according to their shape and the manner of their combina- 
tion. Those artificial magnets, which are constructed so as to 
move freely, and which will therefore take the certain determinate 
position already spoken of, are called needlea : of the different 
varieties we shall speak particularly by and by. 
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The loadstone is a chemical combination of the oxide and 
suboxide of iron (Fe.O, Fe.03). It is found pretty exten- 
sively distributed, especially in the nortliem parts of the 
world, N. America, l^Mrway, Siberia, &c. In many of these 
regions the mineral exists in such abundance as to form 
whole mountains, and, if regarded as a single magnet, must 
be one of prodigious power. Repeated experiments have, 
however, led to the belief, that the interior strata of this 
mineral do not possess any magnetic properties, but that its 
influence is limited to thoae portions wbidi are exposed to 
the air. 

We have already observed that artificial magnets are of 
various forms ; if they be either cylinders, or parallelopipeds, 
they are called bar magnets ; if curved in the middle, so as to 
bring the two ends near together, they form horse-thoe 
magnets ; when several bars or horse-shoes are combined, the 
whole is called a compoimd magnet, or a magnetic battery; and 
sometimes, more simply, a buneOe of magnets. 



§434. 

Both the magnet and the body it attracts exert a reciprocal 
influence on each other ; that is to say, the magnet attracts the 
iron or other substance, which in its turn attracts the magnet.* 
The following experiments will illustrate this fact : — 
First Expt. Suspend a piece of fine iron wire by a thread, 
so that it may hang horizontally. — Present a powerful 
magnet to one end of the wire, and the attractive force of 
the former will at once be evident. 

Second Expt. Suspend a magnetic needle in like manner ; 
offer to it a large piece of iron, and the needle will follow 
the iron in this case as the wire did the magnet in the 
former. 



§ 435. 

Magnetic attraction will be transmitted unimpaired through 
both solid and liquid bodies, and through gases either rare or 
dense ; iron and such other substances as are capable of being 
magnetized, form the only exceptions to this rule. 

• NoTB. — Perhaps it would be more correct to say, that " the attraction, 
which is apparency between the magnet and a piece of iron, is acluaUu 
between two magnets presenting to each other opposite poles.**— Wallier^ 
Magnetism, p. 394. in Lardner's Cab. Cyclop. See also § 439. in this work. 
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First Expt This may be easily shown by interpos- 
ing between the magnet and the otiier bodies described in 
the experiments under the preceding section a screen, of any 
substance whatever, as glass, wood, metal (excepting only 
plates of steel and iron), or a flask containing any liquid or 
gas. 

Second ExpL Strew some iron-filings on any flat surface, 
place a magnet beneath, and the fi lings will readily follow ia 
whatever direction the magnet is moved. 

Third Expt. Interpose an iron plate between a magnet 
and a piece of iron wiie suspended by a thread, the influence 
of the magnet will be almost or entirely destroyed. 



§436. 

This attractive force does not exist with equal intensity -at all 
points of a magnet's surface ; generally it is found to be most 
powerful at txvo points only, whilst at others it is either exerted 
but feebly, or it ceases altogether. These two points are termed 
the poles of the magnet, and the right line joining them is the 
tuns. 

The poles may be readily found by their more powerfully 
attracting iron-filings, or if the magnet be allowed to move 
freely when it comes to a state of rest, it will arrange itself 
north and south in such a manner that its axis will pretty 
nearly coincide with the geographical meridian. When the needle 
has assumed this position, that end which is nearest to the north 
pole of our earth is called the north pole of the magnet, and the 
opposite one is termed the south pole. Anomalous magnets are 
such as have more than two poles. 

^First Expt, Sprinkle some iron-filings on either a natural 
or on an artificial magnet ; a considerable number of the 
particles of iron will attach themselves to the poles, whilst 
the other portions of the magnet will be left nearly bare. 

This furnishes us with a ready method of detecting the 
poles of a natural magnet Now, if the two poles of the 
magnet be polished and covered over with smooth plates 
of iron, which terminate in two strong projecting ends, such 
a magnet is said to be armed. The magnetic power, 
imparted by this means to the two iron plates, is concentrated 
in the knobs, and thus a north and south pole are made. 

Second Expt, Place either a natural or an artificial 
magnet in such a situation that it can move itself freely 
in a horizontal direction; this will be best effected by 
suspending it ; and it will soon be seen that the axis wiU 
iissuroe the polar position spoken of abova 
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§437, 

On more closely watching the operations of this magnetic 
influence, we shall find both the poles attract those substances 
named in § 433. ; but that if two magnets be presented to each 
other they may either attract or repel according to the poles 
which are offered ; that is to say, if a north pole of one magnet 
be presented to the south pole of another, attraetionvwill ensue, 
but if a north pole be presented to a north pole, or a south pole 
to a south pole, the magnetd will repel each other. This law is 
thus expressed : like polet repd and unlike attract. 

If the similar pules of two magnets be brought into absolute 
contact, the magnets will exhibit either a feeble attraction for 
each other, or none at all, according as the influence of t^e t^o 
poles is in part or altogether cancelled. To represent these 
opposite magnetic influences, that of the north pole is called 
poktive muffnetitm, or + M, and that of the south pole negative 
jmaffnetitniy or— M. 

First Expt, Both ends of an iron wire, moving freely in 
a* horizontal plane, are attracted equally by the north and 
south poles of a magnet. 

Second Expt, If a magnetized needle be allowed to move 
freely in a horizontal direction, and a magnet be presented to 
it, we shall find that the dissimilar pole will invariably 
attract, and the like pole repel the needle. — The same result 
will follow if a common sewing needle be magnetized and 
suspended by a thread passing through its eye, and the north 
and south poles of another magnet be successively presented 
to it. 

Third Expt, Attach a bar-magnet to one arm of a 
balance in such a manntr that its axis may be vertical to the 
horizon; then pl.ice a counterpoise at the other extiemity of 
the beam. — Place a second magnet immediately beneath the 
vertical one, first, so that like poles shall be together and 
then unlike. In the former case the aiui of the balance 
which carries the magnet will rise, in the latter it will 
descend, being drawn down by the magnetic attraction. 

Fourth Expt. Hang a piepe of iron, as a key to the 
north pole of a magnet, and present to it the south pole of 
an equally powerful magnet. The key- will instantly fall, 
for + M and — M neutralize each other's effects. 

Fi/ih Expt, Plunge the poles of two magnets into some 
iron-filings. Bring together like poles of each, and most of 
the filings will drop; but present unlike poles, andthe^ings 
will move towiM^ds each other and at length join.. 
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If we investigate still further the attractive force of a magnet 
along the entire course of its axis, we sliall find that this power 
continually diminishes the farther we proceed from either pole, 
until we reach a point somewhere about midway between the two 
extremities, where it ceases altogether. This spot is termed the 
point or Une tfmagndie indijfirmee. 

This decre»«e iti tlie attractive force of a magnet -may be 
readily seen by strewing iron-nlinga upon it. The following 
experiment will show how to discover the situation of this 
point ^findifferente, the gradual decrease in the attracting' 
power, and the chAnge ftom + M to — M. 

Sixth ExpL File away the bottom of a common medicine 

vial, suspend a snutll magnetized needle inside the vial, so 

that when the former is placed on a bar-magnet the needle 

may hang in a horizontal position at about an inch from the 

bottom of the vial ; when the needle is over the ncnrth pole 

of the bar its south pole will be drawn downwards. As the 

apparatus is puslied along, thb attraction diminishes until 

somewhere about the middle the needle hangs perfectly 

horizontally, it must then be above the line of indifference .( 

as it is moved beyond this place, the north pole of the needle 

becomes more and more depressed the nearer it approaches 

the south pole of the magnet 

Lastly; if a magnet be broken anywhere in the direction of its 

axis, each part becomes a perfect magnet, whose poles lie in the 

same direction with those of the whole magnet, so that at the 

line of fracture the opposite species of magnetism has been 

excited. 

Siventh Expi, Break a magnetized knitting-needle into 
several pieces, test the polarity of each end, and the truth of 
the above remark will appear. 



§438. 

If iron or any other substance, susceptible of magnetic influence, 
be brought into contact with the pole of a magnet, then such 
body will also be magnetized, and throughout its mass it will 
possess the magnetism of the pole with which it is in contact. 

Fint Expt, Place a^hort piece of soft iron, or a key, in 
contact with the north pole of a powerful magnet ; the entire 
mass of iron will acquire north polar magnetbm, for the 
south pole of a magnetic needle will be attracted by^ any 
part of the iron to which it may be oflfered. 

Second Expt, Procure several ^mall pieces of iron wire 
and offer the end of one to the pole of a powerful magnet ; 
it will be immediately taken up by it, and the free end of the 
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wire will now attract and support a second wire, this again 
will carry a third, and so on till the weight of the metal 
exceeds the attractive force. 

The same phenomenon may be observed with regard to 
iron-filings adhering to a magnet ; each individual filing 
thus suspended is converted into a small magnet, which 
attracts and msgnettzes a second, third, and so on. This 
enables us to account for the failing oft* uf the filings firom 
the end of the magnet, as described in the fifth experiment 
of the preceding paragraph, when a like pole was presented 
to that to which they were adhering. 

Third Expt, Sprinkle some iron-filings thinly on a pane 
of glass or upon a slate, place a magnet underneath, shake 
the glass a few times with the edge of tlie magnet, or the 
magnet and the plane may both be at rest, and the filings 
may then be gently let fall on the surface of the latter. 
IVhichever arrangement may be adopted, the filings will 
be found to accumulate themselves most perceptibly about 
the poles of the magnet, and to arrange themselves so as to 
form curved lines extending from one pule to the other. 
This phenomAon may be thus explained: each individual 
filing becomes a magnet ; dissimilar poles therefore attract, 
and so form continuous rows of magnets from one pole of 
the magnet which is beneath the glass to the other, or, at 
least, they exhibit a tendency to do so. llie lines thus formed 
are named the magnetic curve$. 
Pure soft iron receives the magnetic influence most quickly 
and easily, but it also parts with it in the shortest time, when 
separated from the magnet Hardened steel and cast iron, espe- 
cially in large masses, are not so soon magnetized, but they retain 
the magnetic properties imparted to them by the magnet for a 
longer period on being detached from it. A piece of steel thus 
magnetized acquires polarity also ; that is to say, if it has been in 
contact with the north pole of the magnet, then that extremity 
of it will be a south pole, and the opposite end will be a north 
pole; if it has been in contact with the south pole of the magnet, 
these circumstances will be reversed. No other metals besides 
nickel and cobalt become magnetized by contact with a magnet. 



§439. 

Every pole (+ M or— M) excites magnetism in any magnetic 
zable body within a certain distance of itself, imparting an op- 
ponte pokirity to its own to the contiguous end of such a body, 
and similar polarity to its remote end. Bodies in this state are 
said to be m^igmtvitd by induetiony and the range within which 



Digitized by CaOOQ IC 



f72 



INDUCED MAGNETISM. 



Fig. 129. / • 



the xnagtiet exerts an influence is termed its cireU ofmngnetie t»- 
Jhtenee, or its magnetic cUmosphere, This influence may be either 
transient or permanent* as it is induced in pure iron, or in iron 
containing a portion of carbon. — In this condition of induced 
magnetism the general law of magnetic attraction begins to 
operate (§ 437. ), and the magnet and the other body exhibit a 
tendency to approach ; whence we may infer that every case of 
magnetic attraction is owing to induction ; thus, ex gr., a piece of 
•oft iron is itself converted into a magnet be!'ore it can be at- 
tracted towards a magnet. 

Tlie fallowing experiments will illustrate magnetism by 
induction : — 

First Expt, Suspend two small pieces of soft iron- wire 
by a thread in such a manner that they may hang vertically 
side by side, and near to each other, as shown in Jig. 129. 
by the lines n s. Now bring the pole 
of a powerful magnet close to the 
lower ends of the wires, and we shall 
see, I.) that both the upper and 
lower extremities of the wires repel 
each other, and so bring the threads 
out of the perpendicular ; and 2.) 
that the lower ends of the wires 
/ show a tendency to approach and 
touch the magnet presented to them. 
'ITiis phenomenon can however only 
be brought al)Oiit when the lower 
' ends of the wires have acquired an 
opposite polarity to that of the mag- 
net offered to them, whilst the upper ends have a like pob- 
rity with it : this is shown in the figure. 

Substitute for the iron wire two common needles ; these 

will be rendered permanently magnetic, their 

Fig. 130. points having an opposite magnetism to that of 

the'pole presented to them and their eyes the same 

magnetism with it. 

Second Expt, Hold a large key at some dis- 
tance above one pole of a powerful horseshoe 
magnet, as represented in fig. 1 30., and by the laws 
of magnetic induction it will itself be converted 
into a magnet, having its poles as shown in the 
figure. Under these circumstances, it will carry a 
smaller key at its upper and another at its lower 
end, but if it be moved in either direction side- 
ways, it will soon arrive at a point be- ' 
yond the influence of the magnet, when 
the small keys will fall off.. 
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§ 440. 

We have already remarked that (§ 433.) magnets exert their 
attractive influence at various distances from bodies susceptible 
of it ; that the intensity of this force consequently is not uniform, 
but that it varies with the distance. 

Expt This may be easily shown by bringing a magnet 
near to a magnetized needle ; the deviation of the latter is 
perceptibly greater the nearer the magnet is brought to it ; 
it diminishes as the magnet is removed to a distance. 
By experiments, which will be described and explained here- 
after, it has been ascertained that the intensity of magnetic in- 
fluence diminishes in the same ratio as that of all forces acting 
from a centre, viz. as the squares of the distances; so that, if the 
distance be increased two, three, four, n times, the attractive force 

will be one-fourth, dne-ninth, one-sixteenth, -—of what it is at 

n* 

the distance assumed as the unit. 



§441. 

As the nature of magnetism is as yet undiscovered, we are 
obliged to have recourse to hypothetical explanations when wc^ 
account for the various magnetic phenomena: on this subject 
philosophers are of different opinions. Some suppose (as they 
do with regard to light and heat) that there exists an extremely 
subtle imponderable fluid, combined with the particles of those 
bodies which are susceptible of magnetic influence, perhaps indeed 
with the particles of all bodies. This fluid i$ further supposed 
to consist of two distinct parts, or rather of two fluids, distin- 
guished as north or positive magnetism ( + M), and south or negative 
( — M) ; neither of which, however, is found singly combined with 
the particles of matter, but nlways both together. The particles, 
of the same kind of magnetism display a tendency to repel each 
other, but the opposite kinds to attract. Now, if the relative pro- 
portions of these two fluids existing in anybody be such that 
they mutually neutralize each other in the individual molecules 
composing it, no magnetism is displayed, and such a body would 
be said to be not magnetized. Uut if this condition of equilibrium, 
be disturbed, or a separation he effected by any external cause 
whatever between these two fluids, then the magnetic state is in4- 
duced and the magnetism is invariabl} bipolar, never unipolar. The 
attractive energy of each of the magnetic fluids may be further 
supposed to be accumulated in the respective poles. Every bodyi 
that has acquired thisv state of polarity is in its turn capable of, 
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disturbing the magnetic equilibrium of other similar bodies 
within certain limits^ separatmg in them these two fluids or polar 
forces, attracting that which is like and repelling that which is 
unlike itself. (Comp. § 27*2.) The derangement thus effected in 
the magnetic fluids is not sufficient to cause their passage firom 
one particle of the body to another, still less from one body to a 
another. By assuming this hypothetical fluid to be thus combined 
with the molecules of substances, we can explain how a naagnet, 
or any other body in a state of magnetic activity, may eicite the 
same condition in others without any loss of its own powers ; as 
also why, when a magnet is broken, each portion is a complete 
magnet having two poles. ^ 




Fiff. 131. may serve to give a visible representation of this 
supposed distribution of the antagonist forces in the interior of a 
magnet, the small squares repr^enting the molecules of the mag- 
net, each of which contains the two polar forces in their separate 
condition, divided to that the like are all turned in the same di- 
rection, and the one force acts at one extremity of the magnet, 
and the opposite force at the other end. (The antagonist forces 
are expressed by the black and white chequers.) Hence also it is 
apparent why, if a magnet be broken across, each portion will be 
a perfect magnet, and will have two poles. (See also the seventh 
experiment, § 437. ) 

This separation of the magnetic influences is not effected with 
equal readiness in all bodies. The more easily it is accomplished, 
the sooner do they again combine ; or, in other words, the more 
quickly any body becomes magnetized, the sooner also does it 
lose the magnetic properties it had acquired. To account for this 
fact, it is assumed that different substances offer a very unequal 
degree of resistance to the magnetic influence, which tends to 
separate the two species of magnetism they contain. We need 
not assume that all those substances which have as yet resist^Ml 
magnetic influence are therefore absolutely destitute of the mag- 
netic principle ; it will be enough if we suppose that the menus 
hitherto used have not been suflSciently powerful to overcome 
their molecular resistance. According to anoth«> and more 
modern theory, deduced from observations on the phenomena of 
electro-magnetism, or the mutual action of electricity and mag- 
netism on each other, the latter has been regarded as merely an 
eleetrical phenomenon. The reader will £nd the subject of 
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electro-magnetism treated of distinctlj in the concluding sections 
of this work, to which he is referred for a full account of this 
theory. \ 



ni. TEaaSSTRLiL KA-OMITISM. 

§442. 

Since, hy the law of magnetic polarity, unlike poles attract, 
it follows that, if a itkagnet be suspended freely between the 
dissimilar poles of a more powerful fixed magnet, the former will' 
arrange itself, so that its north pole shall be opposite to the south 
pole of the latter, and its south pole opposite to the north pole 
of the fixed magnet ; in such a manner, in fact, that the axis 
produced of the moyeal)le magnet will pass through the poles of 
the fixed one. 

Expt. Suspend a small magnetized needle horizontally 
between the poles of a horse-shoe or bar-magnet. Whatever 
the position of the magnet with respect to the poles of the 
earth, the north pole of the needle will invariably be found 
to point towards the south pole of the magnet, and its south 
pole towards the magnet's north pole. 

All magnets that have free motion in a horizontal plane in 
any part of our earth arrange themselves, so that one pole, called 
the north pole, points nearly towards the north pole of the world, 
and the opposite pole towards its south pole. — The inferences 
to be deduced from this fact will be considered presently ; the 
fact itself is all that we assert now, viz. that a needle in anj^ 
part of the earth invariably maintains a certain position as if it 
were placed between the two poles of a fixed maguet. 

Now, if we conceive a vertical plane to be drawn through the 
axis of such a needle when in a state of rest, we have the magnetic 
meridian for the particular place where the needle is. There i^re 
but few points upon the earth's surface where the magnetic and 
geographical meridians coincide ; consequently, the needle does 
not point due north. The angle which the former make^ with the 
latter, at any place, is termed the magnetic declination^ or the 
variation of-the netdh at that particular place. It is spoken of as 
either eatt or west, according as the needle points eastward or 
westward of the geographical meridian. 

The magnetic needle is a highly important instrument for the 
natural philosopher ; and to mankind in general it has proved of 
essential service in guiding the mariner safely over the trackless 
ocean. It enables the traveller in unknown regions to determine 
the azimuth of objects ; it is used by the surveyor and by the 
miner ; and lasUy, it is employed by the mineralogist as a test of 
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the presence of iron in minerals and ores. Of late it has been 
applied as a gauge of extreme delicacy of the intensity of certain 
electrical forces. 

The simplest method of finding the magnetic meridian at 
any place is to suspend a needle by a piece of untwisted silk 
or cotton ; but for many purposes it is more conyenient to 
balance it upon a fine steel point, which is let into a small 
cap or cone just over the needle's centre of gravity. To 
diminish friction, the cap is frequently of agate. 

Fig. 132. presents a 
Fig. 132. transverse section of a 

^ magnetic needle. 



/ 



To render the varia- 
tion of the needle sus- 
ceptible of measurement, 
its point of motion is placed in the centre of a circle, which 
is ditlerently divided, according to the purpose to which it 
is to be applied. In the nuuriner** compass, the circle 
traversed by the point of the needle is marked off into 32 
rhumbs or points, whilst in the azimuth compass the same 
circle is divided into 360°. — If we wish to find the north 
and south points of the horizon accurately for any particular 
place by means of an azimuth compass, we ought to know 
the variation of the needle at that particular station, and 
make a proper correction for it. In some compasses this 
declination is expressed by a line ; but, as we shall soon show, 
such a contrivance is of little use, as the declination is not 
only different at different places, but it varies from time to 
time at the same place. Again, for the purposes of geodesy, 
the compras is not to be implicitly relied on, as its accuracy 
may be affected by other causes, such as the, proximity of 
strata of loadstone, basalt, &c. 

The quantity of iron or other magnetic substances in 
minerals is found by observing how much they deflect the 
needle. 

It is not known to whom we are indebted for the original 
invention of the comj}ass% It has been asserted that the 
Chinese were acquainted with its use 1 100 years b. c. ; it 
was introduced into Europe in the 14th century. 

§ 443. 

Numerous observations made during several years have led to 
the conclusion, that there exist two lines on the surface of the 
earth on which the horizontal needle points to the true north ; in 
other words, where the magnetic meridian coincides with the 
geographical. These lines of no declination, to which Professor 
-August has given the designation of agonie lines, are two in 
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number: one, called the American agone, is in the western hemi- 
sphere; the other, or Asiatic, is in the eastern hemisphere. They 
extend from south to north, but they do not coincide with the 
meridians ; for they both, especially the Asiatic one, intersect the 
latter lines under different angles. It has further been ascertained, 
that their position is by no means stable; for, after the lapse of 
considerable intervals of time, it is sensibly altered. The decli- 
nation of the magnetic needle gradually increases on both sides 
of the agonic lines, and somewhere about midway between the 
two it attains its maximum declination in both the northern and 
southern hemispheres. In those regions of the earth which lie 
west of the Asiatic agone towards the American, the declination is 
west of the north ; in the other parts of the earth it is east. If 
those places which have an equal declination west or east be 
connected by lines, we hare the isogonic lines, or lines of equal 
declination. Some of these form curves inclosing a space, whilst 
others branch off both north and south ; most of them, however, 
are drawn around two points near to the north and south poles 
of our planet. These points, of which, until lately, it was 
thought there w^re two pairs, are called the magnetic pdes of the 
earth, or, as Haiisteen more correctly termed them, magnetic 
points of convergence. 

Several philosophers have constructed maps, in which we 
are presented at a ^nce with the distribution and relative 
position of these lines <)n the earth's surface ; the principal 
are those drawn by Hansteen, Barlow, Ermann, jun., Du- 
perrey. Gauss, and Weber. Now if we inspect maps of this 
kind, constructed at different periods, we shall be able to 
see at once the changes which have taken place in the 
position of these lines. According to the most recent re- 
searches of Gauss, it is thought there is a greater and a 
lesser agone, the former embracing the globe like a meridian 
passing through the magnetic pole, and dividing the earth 
into two hemispheres, the eastern parts of N. and S. Ame- 
rica being comprised in the western hemisphere, and New 
Holland, Arabia, Persia, and Russia in the eastern. The 
lesser agone forms an oval, and runs through Eastern 
Siberia, China, and the neighbouring sea. 

Hence isogonic lines of western declination will be found 
in Europe, Africa, and the south-western parts of Asia; also 
in the whole of the Chinese empire, the Atlantic Ocean, 
and the Indian Sea. Similar lines of eastern declination are 
found in the greater portion of N. America, and in nearly 
the whole of S. America, the eastern half of Australia, 
India within and without the Ganges, the greater part of 
Siberia, and the whole of the Pacific Ocean. The mean 
declination in Europe is 17^ ; it increases towards the west 
T 3 
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(at Bonn it is 20^, at Edinburgh 26^, in Iceland 38<>, and 
in Greenland 50^); it decreases towards the east (at Ko- 
nigsberi^ it is 13°, and at Petersburg 6°). 

On the position of the magnetic poles or convergence 
points, more will be said in the obsertations, § 446. 



§444. 

If a magnet, suspended horiiontallr, have free motion about an 
axis only in the vertical plane, then it follows by the laws of 
magnetic attraction, that if we place another magnet • beneath it, 
its poles will be drawn downwards towards the contrary poles of 
the lower magnet Needles which are perfectly free about their 
centre of gravity, but which have motion only in a vertical plane, 
are termed dipping neetUet, 

If a dipping needle be placed over the axis of a magnet and 
between its poles, then they will both exert an attractive and 
repulsive influence on the needle; if their forces be exactly equal, 
which will happen if the needle be at an equal distance from each 
extremity of the magnet, the needle being acted on by two equal 
farces in opposite directions, will obey the laws of gravity, and 
arrange Itself in a perfectly horizontal position. But if the 
needle be nearer to one of the poles of the magnet than to the 
other, it will be more powerfully solicited by the former, and that 
in precisely the proportion in which it is nearer to it. The in- 
fluence of the more remote pole will be altogether annihilated, 
when the needle's centre of gravity is brought perpendicularly 
over the other pole. One eflTect of this is, that the needle loses 
its horizontal position, and that pole begins to dip which is 
moved towards the contrary pole of the magnet, its depression 
constantly increasing, until at last the needle assumes a vertical 
position. Next, if the dipping needle be placed so that the plane 
of its motion be at right angles to the axis of the magnet, it will 
lie perfectly horizontal when immediately above the magnet's 
point of indifTerence, t. e. midway between its extremities; but 
if the needle be moved towards either of the poles of the magnet, 
it is obvious that it becomes subjected to the magnetic influence 
of only that one pole ; it will, therefore, assume the vertical 
position. 

The above remarks may be readily verified, by placing a 
dipping needle in the positions just named with respect to 
a bar-magnet laid horizontally beneath it — Professor 
Schmidt gives the following method of preparing a dipping 
needle that may be use4 by such persons as do not possess 
a more accurate instrument — Thrust a magnetized knitting 
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Fig, 133. 
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needle {fig. 1 33. n «) through a cork 
c ; furnish the latter with an axis, 
consisting of two needles, a and &, 
at right angles to the magnetized 
needle. Let the direction of this 
axis go as nearly as possible through 
the centre of gravity of the whole 
mass. Suspend this instrument by a 
piece of wire, acd, and fasten the 
whole to an untwisted silk or cotton 
thread. I'he needle ns is to be 
thrust so far into the cork that it 
may balance. 
If an unmagnetized needle be suspended by its centre of 
gravity, and it be free to turn in a vertical plane (see fig. 133.), 
it will baknce itself in a horizontal line. But if the needle be 
magnetized and placed with its plane of motion in the magnetic 
meridian, we shall find it has lost its horizontal position ; that in 
the northern hemisphere its north pole and in the southern 
hemisphere its south pole become depressed ; and that it assumes 
one certain position, to which it invariably returns on being dis- 
placed. If the needle's plane of motion be at right angles to the 
magnetic meridian, the needle becomes vertical. 

Second ^xpt. This phenomenon may be most simply 
illustrated in the following manner: — Drill a hole in the 
middle of a piece of watch-spring, pasts a needle through the 
hole, so that the watch-spring may be turned round in a 
vertical plane, and, come into a horizontal position, when 
in a state of rest. — Now magnetize t"he needle and place 
it a second time upon its axis (§ 454.) — It will be at once 
seen that its equilibrium is disturbed, and that it takes the 
slanting position of which we have spoken above. 

A needle may be fitted up in the same 
manner as we have already described in 
the first experiment ; but instead of sus- 
pending it by a wire fork, it will be better 
to lay the ends of its axis on the edges of 
the uprights b. 

When a magnet has been mounted so 
as to have perfect freedom of motion 
abBut its centre of gravity, the angle it 
ipkkes at any point on the earth's surface 
with the horizon is called the angle of the 
needle's dip at that place. As has been 
already said, at all places in the northern 
hemisphere the north pole is depressed, 
and in the southern hemisphere the south 
1 4 
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pole. Instruments intended accurately to measure the magni- 
tude of this angle are termed dipping needlea, and are very 
expensive, on account of the difficulty found in practically con- 
structing them. To estimate the magnitude of the angle made 
by the needle, the apparatus has a vertical circle of brass gra- 
duated into S60^. 



§ 445. 

The dip of the needle, as well as its variation, differs at 
different places. There is an irregular curve in the neighbour- 
hood of the terrestial equator, where a needle balances itself 
perfectly horizontally. This curve, to which Professor August has 
given the name of the aclinic line (it is also sometimes called the 
magnetic equator), does not coincide with the equator, but cuts 
the latter line in two nearly opposite points in such a manner, 
that the portion oi it situated in the western hemisphere runs 
south below the equator of the earth, and the portion contained 
in the eastern hemisphere runs northward of the same line. 
From this line northwards, the dip of the north pole of the needle 
increases nearly in the same proportion as the latitude of the 
place ; a similar increase in the dip of the south pole obtains in 
the southern hemisphere. If we connect those places in the two 
hemispheres where the dip is equal, we obtain lines of equal dip, 
or isocUnicHnes, which surround the globe, running nearly parallel 
with the magnetic equator. It is worthy of remark, that a 
striking coincidence is found to subsist in the position of these 
curves, and that of the isothermal lines. (§ 428.) This seems to 
indicate that the earth's magnetic condition is in some way con- 
nected with terrestrial heat. 

The magnetic equator is not a circle, but hither a curve 
of double curvature with many deflections, especially in the 
neighbourhood of the nodal points, or points of intersection. 
The position of these last named points, and indeed that of 
the equator itself, is extremely variable ; and as far as oI)ser- 
vation has yet shown, it appears to move progressively from 
east to west One of these nodal points is at piesent near 
the Isle of St. Thomas, in 3° E. Ion. ; and the other in the 
Pacific Ocean, about 142^ £. Ion. llie greatest declination 
of the magnetic equator from the equinoctial line amounts to 
about 20^ in the northern hemisphere, and is attained in 53° 
£. Ion., or thereabouts ; and its greatest southern declination 
of 12° in the western hemisphere, is near the Bay of Bahia, 
al>out 35° W. Ion. — The dip in Europe ranges from 60° to 
70° ; over the magnetic pole of the earth it must amount to 
90°. — In the year 1836,. in the northern hemisphere, pro- 
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ceeding from the magnetic equator northwards, the dip was 
54® 49' at Pekin, 61° 42' at Rome. 68® 32' at Brussels, and 
71® at Petersburg; in the southern hemisphere it was 14® 
50f at St Helena, and 13® SC at Rio Janeiro. 

A. von Humboldt gave the first impulse to the construction 
of charts, which might show the dip of the needle in much 
the same manner as the magnetic maps we have just 
described exhibited its declination : in thb exectftion of his 
plan he received important assistance from Hansteen, 
Ermann, and Duperrej. 



§446. 

The phenomena of the declination and dip of magnetic needles 
at the earth's surface are seen to coincide exactly with the effects 
produced by a bar-magnet on such needles ; hence we are com- 
pelled to infer, that our planet is itself a bipolar magnet, whose 
poles do not exactly coincide with the poles of the earth's axis, 
but which lie somewhere near the latter points ; that,, agreeably 
to the fundamental law of magnetic influence, they attract only 
unlike poles ; but as the north pole of a magnet dips in the northern 
hemisphere, and the south pole in the southern hemisphere, it 
follows, that the northern hemisphere has a south polar magnetism, 
and the southern hemisphere a north polar magnetism. 

For this reason some philosophers, the French especially, 
have called that pole of the needle which points to the north, 
the south pole, and the end which points to the south, the 
north pole. 

By the magnetic poles of the earth, of which we have 
spoken in this and the preceding paragraphs, the reader is 
not to understand fixed points, but regions, in one of which 
the south polar magnetism is concentrated, and in the other 
the north (lolar magnetism, the fluid itself being supposed to 
be distributed over the whole of the earth. Hansteen was 
of opinion that there were two of these points in the northern 
hemisphere, and, reasoning from analogy, that there were two 
also in the southern hemisphere, these magnetic poles being 
near to the poles of the earth's axis. One of these he 
believed to be situated in North America, a little west of 
Hudson's Bay, in 80® N. lat. and 96® W. Ion. ; the other 
in North Asia, in 81® N. lat. and 116° E. Ion.; the 
southern magnetic poles he placed a few degrees farther from 
the south pole. Gauss's more recent observations have, 
however, led to the belief, that there exists but one such pole 
in each hemisphere. Sir James (then commander) Ross 
found one of these during his arctic expedition of 1829-r 
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1833, ia the year 1831, to be in the vicinity of Hudson's 
Bay. in 70° 5' 17" N. lat, an4 114° 55' 18" W. Ion., 
where the dipping needle was within 1 minute of being ver- 
tical ; a difference which may fairly be attributed to an.error 
in the observation. The actual exbtence of the magnetic 
pole in that spot was further proved by noticing that the varia- 
tion needle, when carried round, always pointed to that spot, 
and when in that station followed the course of the sun in 
his circuit, around the horixon. Gauss theoretically fixes the 
position of the magnetic pole in the southern hemisphere in 
72° 35' S. lat, and 152° 30/ E. Ion. 
The inductive effects of the earth also prove its magnetic state, 
inasmuch as they bear a striking analogy to the induction of 
magnetism by ordinary magnets in bodies susceptible of thb 
influence. (§ 439.) These magnetic effects of the earth are at- 
tributed to the operation of terrestrial magnetism. 

Expt. To verify the inductive power of terrestrial mag- 
netism, procure a bar of soft iron from 2 to 3 feet long ; a 
bundle of iron wire, insulated by a wash of sealing-wax 
dissolved in naphtha, or spirits of wine, will do still better ; 
a common variation- needle moving freely on a point will 
then show the various magnetic states of the iron bar caused 
by shifting its position with regard to the earth. 

Hold the bar in a horizontal position, and at right angles 
to the direction of the needle, so that one of its ends shall be 
over the middle of the latter ; the needle will be unaffected, 
fi>r the bar will be in a state of magnetic indifference. Now 
shift the position of the bar, inclining it gradually in the 
direction of the magnetic meridian, and it becomes mag- 
netized, and acquires two distinct poles, its maximum in- 
tensity being attained when held parallel to the dipping 
needle at the place of observation. Bring the lower end 
near to the north pole of a variation needle, and its north 
polarity will be shown by its repelling the needle ; bring the 
upper end to the south pole of the needle, and by repelling 
it, it will become evident that this end of the bar is a south 
pole. Reverse the position of the bar, and you at the same 
time reverse its poles. 

These phenomena arc generally spoken of as the results of 
magnetism by position. 

The experiments performed by Barlow with large iron 
balls, called terreUaB^ are extremely instructive. These halls, 
by the inductive influence of the terrestial magnetism, ac- 
quired a magnetic condition answering to that of the earth 
itself. On one of these globes, 13 inches in diameter, he 
traced the existence of a magnetic axis and a magnetic 
equator. The former had the same position as a dipping 
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needle, and when small and delicate'magnetized needles were 
placed on the latter in their normal position, they suffered 
no disturbance; whereas, in any other part of the sphere 
they exhibited both a declination and a dip. 

§447. 

The position of the poles of a needle and its dip, varied as yj^ 
find them both to be in different parts of the world, must be 
regarded as the result of the attraction exerted by the north an4 
south magnetism of the earth. Iliis force is put forth in two 
directions upon magnets, viz. horizontally, by which the position 
of a needle is determined, and vertically, by which its dip is 
regulated. If a magnet be perfectly mobile, both horizontally 
and vertically, Mt will obey both these forces and take up a 
position which expresses the mean force of terrestrial magnetism. 
£very dipping needle that has motion in the magnetic meridian 
gives this line ; and if we conceive a plane to intersect the axis of 
such a needle at right angles, we shall have its magnetic equator. 
If a dipping needle be so placed, that its plane of motion stands 
at right angles to the magnetic meridian, or if its axis lie in the 
latter, then the needle will not be acted on by that part of the 
terrestrial magnetism which is exerted in the plane of the horizon, 
but only by that which acts in the vertical plane ; it will con- 
sequently assume an upright position. 

The most simple form of magnetic apparatus in which a 
needle can have this two^fold free motion, is that represented 
in ^. I.S.S., and described already in the first experiment^ 
§ 344. This construction will not, however, give a very 
accurate instrument. Care must be taken to Hx the needle 
n « in the cork, and to balance it as exactly as possible before 
it is magnetized ; and in magnetizing it, its position must not 
be disturbed. Fig. 1 35. represents a more accurate kind of 
instrument, n « is a magnetized needle ; in 
Fig. 135. the centre of gravity it has an axis placed at 
^ right angles to itself, and about which the 

needle turns with extreme facility on the 
ends of two screws^. These screws go 
through the parallel uprights of a light brass 
frame abed, that has a small hook at top, in 
which an untwisted silk thread nfay be 
fastened, and the whole apparatus can be 
hung up under a bell-glass. 
/ The following observations will prove that 

the inclination of such a ne<»dle gives the 
direction in which it is acted upon by the 
resultant of the terrestrial magnetic forces. 
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Let S and N be the two magnetic poles of the earth, 
and' let ns be a maspiet moving freely, both horitoutally 
and vertically, about its centre of gravity m. The 

Fiff. 136. 





attractive and repulsive influence of the poles N and S, 
in the horizontal direction, impart to the needle its position 
n 8, with regard to the poles, such that its axis lies in a line 
joining N and S : any further approach towards the more 
powerful pole will be prevented by the suspension of the 
needle on the fixed point m. The needle's dip will be re- 
gulated by that portion of the magnetic influence which is 
exerted in the vertical plane. We will assume first, that the 
needle is situated just midway between the two poles N and 
S, and, consequently, every part of it will be equally solicited ; 
and the point n, for instance, will be drawn in the direction 
n S, by the pole S, just /as strongly as tlie point < is re- 
pelled in the direction s a. The line n a, which expresses the 
magnitude of this attraction, must therefore be equal to * a; 
and as the distance of the earth's poles from these points is 
so great the two lines na and a a may be regarded as 
parallel. The other magnetic pole N acts in like manner, 
attracting t as powerfully in the direction 5 N, as it repels 
n in the direction n b ; whence also s 6 is equal to nht 
and these two lines are likewise parallel. Now, by 
the parallelogram of forces (§ 23.), nc is the resultant for 
the point n, and 8C for the point s; but they are both 
equal, and in exactly opposite directions, whence the 
needle will be held in a horizontal position. Next, let us 
tt^e the case when the needle n s is nearer one of the 
earth's magnetic poles than it is* to the other, and let us sup- 
pose it to be nearer to S ; then the point n will be as strongly 
solicited by the pole S, as « is repelled by it, so n a will be 
equal to « a ; the pole N will attract s as powerfully as it 
repels n, whence sb — nb. But the attractive force of N is 
less than that of S ; for N is more remote than S, nfc and tb 
will therefore be less than naand«a. The resultants nc 
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Fig. 137. 




and 8 c will in this case be equal and parallel, but not exactly 
opposite to each ether : they will therefore cause the needle 
to turn about its fixed point, and it will only come to rest 
in the direction n' s', parallel to the resultants c n and c s ; 
this therefore, will be the dip of the needle. 



Fig. 138. 



§448. 

It is important for many purposes to have magnetic needles on 
which the earth cannot exert any directing influence : needles of 
this kind are called astatic needles, A magnet moving freely can 
be rendered indcpendert of terrestrial magnetism, by giving its 
axis of rotation precisely the inclination which a dipping needle 
placed in the magnetic meridian would 
have taken. Thus, if ns, (fg. 138.) 
were the dip of such a needle, all that 
would be required would be to place 
the axis a 2> of the needle N S in the 
direction n«, and it will be immediately 
converted into an astatic needle. The 
earth acts in the direction of this fixed 
axis upon the needle, whose move- 
ments are performed in the plane of 
\ the magnetic equator ; it will, therefore, 
'* rest in any position whatever in this 
plane. 
Another, and for many purposes a more useful, sort of astatic 
needle may be thus constructed. Two needles (/ig. 139.) whose 
magnetic powers are as nearly equal as possible, are fastened on a 
common axis a b, which is suspended by an untwisted silk thread 
ac; the needles are parallel to one another, and the north and 
south poles of the upper needle are over the south and north 
poles of the lower one. By means of this arrangement, neither 
of them can assume any particular position .with respect to the 
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JFY^. 139. poles of the earth, and when Once 

brought to a state of rest, their di- 
rection is affected by the exertion of 
the slightest attractive force. 

A still more simple^ and at the 
same time very serviceable, astatic 
needle is obtained by magnetizing 
both ends of a common variation 
needle with the same kind of mag- 
netism and of equal intensity, t. e. by 
making both ends equally powerful north or south poles. It 
will soon be explained (§ 454. second expL), how these needles 
may be prepared with but little trouble. 

The last-named variety of astatic needles is principally used for 
detecting very feeble magnetic influences. The application of this 
instrument will be noticed in the sections ou Electricity and 
Electro-magnetism. 



§449. 

The intensity of the terrestrial magnetism is found to vary as 
much as the declination and dip of the needle at different points 
on the earth's surface. Near to the magnetic equator it is most 
feeble, and increases gradually as we approach the poles ; it in- 
creases, therefore, as we travel from the warmer to the colder 
regions of our planet. Those places where the intensity has been 
found to be equal have been connected by lines, first called by 
Hansteen isodynamic lines, which in both their form and position 
resemble the isoclinic curves. With these, however, they do not 
exactly coincide, but approach still more nearly to the isothermal 
lines. On the western continent they extend much farther south 
than on the eastern, so that in equal latitudes the magnetic in- 
tensity is greater in America than in Europe, and greater in 
Europe than in Asia. The stations of minimum intensity, how- 
ever, are not ranged in a continuous line about our earth, 
but seem rather isolated, lying near S. Africa, under the line of 
.greatest terrestrial heat. 

Hansteen constructed a chart on which he laid down the 
isodynamic curves : this map has been since copied more 
than once. The magnetic intensity observed by A. von 
Humboldt in 7° S. lat and 1.5° W. Ion. from London, is 
assumed as the unit A glance at one of these maps will 
show that, in the western hemisphere, the terrestrial mag- 
netism is oC greater intensity than in the eastern, and that, 
on the whole, it is greater in the northern than in the 
southern hemisidiere. The absolute minimum which is 



d by Google 



INTKNSITT OP TERRESTRIAL HAQVETISM, HOW MIASURKD. S87 

found in Southern Africa in 20° S. lat. barely exceeds 0*8, 
and the maximum near Hudson's Bay in 41° N. lat. is 
only 1 '8 ; whereas, in the same latitude in Western Europe 
and in Eastern and Western Asia, it is no more than 1 '9, 
and in the most northern parts of Siberia, in lat. 70°, the 
intensity is not more than 1 *7. The mean intensity for 
Europe may be reckoned at about 1 '35. Thus, the intensity 
at Madrid is 1 -294; at Rome, 1 -264 ; at Florence, 1 -278 : at 
Vienna, 1 '325; at Paris, 1 '348 ; at Berlin, 1 -364 ; at London, 
1-S3; at Stockholm, 1-342; at Petersburg, 1-403: 

Gauss, on the other hand, has more recently endeavoured 
to express the total effect of terrestrial magnetism by as* 
suming a certain value as the unit To obtain this, be se- 
lected three stations on the etirth where the intensity of the 
terrestrial magnetism, was believed to have a maximum 
value, and two where it had a minimum. Of the former, 
he found one in N. America near the north magnetic pole ; 
the second, in that part of Siberia where Hansteen thou|?ht 
the second magnetic pole was to be found ; and the third, 
south of Van Dieman's Land, near the south magnetic pole. 
The intensities of the magnetism at the first three points he 
estimated at 6*1614, 5*9113, and 7*898v, respectively. The 
two points of minimum terrestrial magnetism lie near the 
equinoctial ; the one, north-east of New Holland ; the other, 
near St. Helena; their intensities are valued at 3*2481, and 
2-8281. 

The intensity of the terrestrial magnetism has been esti- 
mated by its influence on a magnet's oscillations. These 
oscillations are precisely similar to the vibrations of a pen- 
dulum, the motive power in the latter case being terrestrial 
gravitation, while in the former it is magnetism. Now, by 
the laws of a pendulum's motion (§ 101.), we know that the 
time of an oscillation may be represisnted by the expression 

< = If V — » t being the time of the oscillation, / the length 

of the pendulum, and g the intensity of the force of gravity : 
the times in which the same pendulum will perform an oscil- 
lation at stations where the forces of gravity p and g' are 
ainequal, will themselves'be unequal : in £tct, they wiU be 

29 2p 
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t. e, the intensity of the force of gravity is indirectly as the 
squares of the times of the pendulum's oscillations. 

A|?ain ; as the number n and N of oscillations performed 
in equal times is inversely as the length of an oscillation, it 
follows that 

g : gf ^^ : Hi*; 

L e. the squares of the number of vibrations performed in t 
given time by the same pendulum are as the intensity of the 
force of gravity. 

Now let this be applied to magnetized needles, and for 
the force of gravity substitute the magnetic intensities » 
and M, then 

m:M=-^:^, 

or m:M = n»:N»; 

t. e. the intensity of terrestrial magnetism at different places 
on the earth's surface, when applied to magnetic needles, is 
indirectly as the squares of the times of their oscillations, and 
directly as the number of oscillations when the times are 
equal. 

Suppose, that at the station A the needle makes a certain 
number of oscillations in 100 seconds, while at B, it would 
perform the same number in 71 seconds; or, expressing it in 
other words, the needle makes 71 oscillations at A in the 
same time as it performs 100 in at B ; then the intensities of 
the magnetic influence m and M at the two places will be 



1 

"■ 100« 


1 


= 719 


: 100«, 


« 5041 


: 10000, 


« 0-5041 


1; 



whence the intensity M, at station B, is nearly double Ihat 
of m at station A. 

This mode of experimenting b applicable to both the ts* 
riation and the dipping-needle. It can be employed with 
greater advantage, to the former, both because it is more easy 
to hang accurately, and because the duration of its oscil- 
lations is greater, as fewer obstacles impede its motion. 

By mt>ans of a variation-needle we can measure only that 
portion of the terrestrial magnetism which acts horizontally* 
and by a dipping needle only that which is exerted verti- 
<5ally. (§ 447.) By means of the parallelogram of forces 
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(§ 23.), howerer, we caa readily prove, that the intensity 
found by either of these modes is proportional to the t 
effect of the terrestrial magnetism. otal 

Let II s. Jig, 1 40., be the directing force 
Fiff, 140. of the earth's magnetism, as shown by a 

^ dipping needle in the magnetic meridian 
of a place (§ 447. )» and let » a == P re- 
present this force, which may be resolved 
into n 6 = H, in the direction of the 
horizon, and n c » V acting in the ver- 
tical plane. Now if a = the angle of 
the dip (§ 444.), it is evident that P = 

H V 

= -JL ; te, the total effect of 
COS. a sin. a 

the magnetic influence exerted by the 
earth at any particular place is found 
by dividing the horizontal intensity by 
the cosine, or the vertical intensity by 
the sine of the angle of the needle's dip. 

By observing the oscillations made by a dipping-needle, 
we may measure the dip or inclination of the needle at any 
particular place. First, place the needle in the plane of the 
magnetic meridian, then in a plane vertical to the former ; 
cause it to vibrate in both these positions, and count the 
number of oscillations made in equal times in each position, 
and it will be found that the number N performed in the 
first exceeds that made in the second n. In the plane of the 
magnetic meridian they obey the entire magnetic influence 
P, but in the vertical plane the needle is acted on only by 
that portion V of the force which is exerted vertically. "We 

V V «* 

have already found P «-: — ; whence sin. a = --~ - ^ . 
' sin o P N» 

But the results found by observing the oscillations which 
the same needle makes at different places, will give us accu- 
rate values for the intensity of the earth's magnetism, if the 
-needle's innate free magnetism undergo no change, but not 
otherwise. In the small needles which were formerly em- 
ployed, this rarely happened to be the case, as they are af> 
fected by variations in the heat, and still more sensibly by 
the presence of masses of iron and other similar bodies. To 
* guard agaiast these sources of error. Gauss made use of bars 
of iron from 1 to 4 feet in length, and weighing from lib. to 
25lbs., to which he gave the name of magtuiomeUrs, The 
weight of these messes, in addition to the other precautions 
he took, secured these bars from the operation of external in« 
fluences. This simple but ingenious apparatus surpasses all 
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the instruments previously contrived ; for it is capable of 
indicating the minutest changes that transpire in the inteo- 
sit J of the earth's magnetism, by proportional variations of 
the magnetometer from its normal position, which changes 
can be measured to an angle of one second ; hence all the 
magnitudes which it is desired to investigate with regard to 
the intensity of the terrestrial magnetism, may be found 
with the most rigid precision. 

The oscillation-eiperiments with common variation 
needles can be advantageously applied only when we are 
warranted in assuming that the intensities of the needles 
themselves undergo no change ; with this proviso they may 
be used for comparing the different powers of magnets, or 
for estimating the minute magnetic influence of other 
bodies, as will be shown presently. 



§45a 

Observations made during many years, and the accumulated 
eiperience of philosophers have shown, that there subsist both 
regular and irregular variations at the same place in the earth's 
magnetic powers, as indicated by changes in the declination and 
dip of the needle, and in the magnetic intensity. 

The regular variations are such as follow a certain lav, and 
which, as far as we are acquainted with that law, can be calcula- 
ted beforehand. Professor Baumgartner distinguishes them into 
seetdar, or such as become evident only after the lapse of length- 
ened periods, and periodic which oscillate in a manner within 
narrow limits in certain short periods of time. 

Of the secular variations, the declination is that which has been 
longest observed, and is most accurately known : our information 
as to the dip and intensity rests on fewer data, and is of more re- 
cent origin. 

Variations were first observed to take place in the declina- 
tion of the needle in the 16th century, but it was not till the 
17 th that anything was accurately known as to the rate of 
these changes. About the year 1600, the needle in Europe 
pointed to the east of the north ; in 1663 it pointed due north ; 
from which time its deviation westwards gradually increased 
till the close of the preceding century. For a short p^od 
after the commencement of the present century the nee<9e 
was stationary, but for the last 20 years its declination has cer- 
tainly decreased, and, in all probability, it will continue to 
do so till it again becomes due north, then the declination 
will increase towards the east, and when the needle has at- 
tained a maximum it will again return* The needle began 
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to retrograde at London in 1819; at Paris, and throughout 
the greater part of Germany, in 1814. At Berlin, the de- 
clination in 1840 was 16^ 42', and the annual decrease is 
about 3° 8'. 

The only observations made on the variations in the dip 
of the needle, are both few and unsatisfactory ; all that is 
known with certainty is, that at present the dip in Europe 
is decreasing. In the year 1780, the annual decrease in 
Europe was from 5' to 6'; in 1830 it was but 3'; whence 
it appears that the dip has nearly attained its maximum. 
According to the observations made in 1840, the dip at 
Berlin was 67° 53', with an annual decrease of 3*5'. 

Our knowledge of the variations in the magnetic intensity 
is still more defective, for it is but recently that this subject 
has been investigated. Hansteen believes, on theoretical 
grounds, that we may assume the intensity also to be de- 
creasing, and that this decrement in Europe is annually 
0-003695. 
The diurnal and annual variations of the declination- needle 
consist in an oscillation eastward and westward of its mean posi- 
tion. The magnitude of the diurnal variation differs according 
to the situation of the place, and the time of day and year. It 
appears to be very intimately connected with the generation of 
heat by the sun. In the middle of Germany, in winter, it is about 
8^ and in summer about 16'. In the more southern regions, 
which lie nearer to the magnetic equator, the daily oscillations 
become less, and at the equator itself they vanish entirely. Re- 
cent observations have placed it beyond all doubt, that storms 
materially aiTect these periodic changes in the variation needle. 
With a clear sky and an easterly or north wind, the fluctuations 
have been found to be greater than when the weather is cloudy, 
and a south or west wind prevails. In this case, also, the results 
seem to be affected by solar influence. 

From a comparison of the observations made on the de- 
clination of the needle at different places, the following re- 
sults have been arrived at :— 

1.) The time of the greatest declination ranges between 6 
and 9 A.M., happening earlier in summer than in winter. 

2.) The time of the greatest declination westward is about 
15' past 1 P.M. ; but this depends on the season of the year. 
.3.) The oscillations in summer are greater than in winter. 
According to KreiPs observations made at Prague, 1839- 
40, in summer the arcs moved through are three times as 
great as in winter. The greatest oscillation noticed in any 
one day, by Gauss, was 20*1'. 

4.) The oscillation during the night is inconsiderable, 
u 2 
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5.) The mean declination is attained between 10 and II 
A.M., and again between 6 and 7 p.m. 

The observations made at Gottingen, in 1834-37, 
which are extremely accurate, give the following results for 
each month in the year ; the mean values are given : — De- 
cember, S'Cy, January, 6 •7', February, 7*4^ March, 119', 
April, 18«9', May, 13-5', June, 12*5', July, 12*1', August, 
IS-C, September, 11-8', October, 10*3', November, 6-9'. 

Hence the mean for the year is 10*42', for the winter 
months, 8*01', and for the summer months, 12*81' the 
greatest declinations occurring in the warmest, and the least 
in the cold months. The mean declination at Gottingen, 
of 18^ 41' 10*4", was, by these observations, ascertained to 
fall in the months of April or May and September ; that is, 
when, generally speaking, we have the mean temperature of 
the year. 

The fluctuations caused by the weather, as observed at 

Tubingen, in 1831, amounted on an average to 11*9' on 

fine days, and to 10*6' on cloudy days, the mean annual va- 

riation from this cause being 12*6'. Dove's observations at 

Berlin, in 1830, gave a daily variation of 9' 45'' on fine 

days, and 8' 11" on cloudy. 

Recent observations have ^rther shown, that the dip of the 

needle is also subject to certain daily variations, which, however, 

do not accord exactly with the changes in its declination ; they 

appear to depend on the action of the sun upon the earth's 

surfiice. 

According to Kupffer*s observations at Petersburg, in 
1831, the maximum dip was attained at about 10 a.m., and 
the minimum at 10 p.m. It is greater in summer than in 
winter, when the oscillation becomes exceedingly small, not 
amounting to more than 4\ The following are the results 
obtained by Kreil, who, in 1839, made observations for each 
hour of the day. The dip reached its maximum and mini- 
mum thrice in the course of the day. In summer, the first 
maximum was attained between 8 and 9 a.m. ; in winter, 
between 10 and 11 a.m. The third maximum is reached at 
noon, which, during mar^y months, exceeds the other two 
maxima ; the third minimum is also attained in the course 
of the morning. 
Recent experiments have established beyond all doubt the fact, 
that the intensity of terrestrial magnetism is in like manner sub- 
ject to periodical variations. The result arrived at is, that an 
alternation of a minimum and maximum obtains at certain periods 
of the day and year, and that, in strict analogy with the other 
magnetic influences, the intensity is greater in summer than in 
winter. 
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The observations made by Kupffer at Petersburg, in 
1831-2, with a very delicate dipping needle, show that the 
total power of the magnetic intensity is greater in the 
evening than in the morning ; that it decreases from April 
to September, from which month till April again it probably 
increases. Kupfier is of opinion that the moon exerts an 
enfeebling influence on the magnetic intensity. Moser and 
Riess, at Konigsberg, found the maximum intensity was 
reached at 8 p. m., and the minimum at 9 a. m. The results 
of KreiFs more recent experiments, as conducted by Pro- 
fessor Baumgartner, are the following : — The horizontal 
intensity of the earth's magnetism shows a daily variation 
with one minimum aifd one maximum ; the former happen- 
ing in summer at 10 a. m., and the latter at 8 p.m. In 
winter the two extremes are reached rather later than in 
summer. The intensity of its total influence attains one 
maximum early in the morning and a minimum in the after- 
noon, so that a second maximum seems to be attained at 
8 P.M. This last point, however, needs to be further in- 
vestigated. The influence of the moon on the horizontal 
intensity was clearly ascertained. These laws have been 
deduced from a series bf observations made on the horizontal 
intensity at Milan during a period of three years compared 
with those made at Prague in 1 839-40. 
The irregular magnetic variations are accidental disturbances in 
the earth's magnetic power, generally of but short duration: 
they are indicated both by the variation and the dipping needle. 
These disturbances are caused by the aurora borealis, by earth- 
quakes, by volcanic eruptions, by sudden changes in the tem- 
perature, by storms and alterations in the quarter from which the 
wind blows. 

During the appearance of the northern lights the variation 
needle is sometimes deflected from 5° to 6^, and the phe- 
nomenon exerts an influence even where it is not visible. 
Kamtz has discovered that the winds perceptibly affect the 
needle, and that in the north and north-east they cause it to 
point more towards the east than in the west and south-west. 
The other causes of irregular fluctuations in magnetic needles 
exert a far less powerful influence than that exerted by the 
aurora borealis 

Kupffer is of opinion that these extensive disturbances of 
the needle are owing to a sudden displacement in the 
magnetic lines on the earth's surface. He considers that 
this hypothesis furnishes the most natural explanation 
of the simultaneous occurrence of these phenomena at 
points on the earth's surface very remote from each 
other, and that it also accounts for the needle's moving 
u 3 
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during these irregular disturbances in a direction opposite to 
that in which the magnetic lines run. 

It has been observed already (§ 432.) that rather more 
than ten years ago the indefatigable A. v. Humboldt was 
the founder of the Magnetic Association, which has since 
extended itself throughout the greater part of the world. 
The object of this association is to investigate the causes of 
the various magnetic changes in the earth's magnetism, and, 
if possible, to ascertain precisely the influence it exerts. For 
this purpose simultaneous observations are made with Gauss's 
magnetometers at various stations at and beneath the earth's 
surface. The communications addressed to this society have 
shown, that not only the greater variations in the earth's 
magnetic, influence, but also the most minute, nay, even the 
irregular, disturbances have been perceived simultaneously at 
points far asunder. Although the changes observed did not 
universally coincide in degree, yet their occurrence at the 
same time proves beyond question that they are connected, 
and establishes the fact of a remarkable coincidence in these 
phenomena throughout the world. 



§451. 

One question remains to be answered, — What notion shall we 
form of the earth's magnetism, which shall enable us to explain 
satisfactorily both the constant and varying magnetic phenomena 
that present themselves to our notice? Until lately philosophers 
have agreed in ascribing to the earth a sort of independent mag> 
netism, and they have further assumed that this force had its seat 
in the interior of our planet. Of these theories Hansteen's is both 
the most complete and the best supported. He conceived that 
all magnetic phenomena were owing to a magnetic power resident 
in the interior of the earth, and that its influence was especially 
displayed externally at four points. He further supposed that 
this influence was put forth with equal intensity in two opposite 
directions or axes, the poles of these axes being at a considerable 
distance below the earth's surface. To account for the variations 
which occur in the needle's declination and dip and in the mag- 
netic intensity, he attributed to these axes, and so, of course, to 
their poles, a progressive motion, in consequence of which the 
two magnetic poles of the northern hemisphere point more and 
more towards the east, and those in the southern hemisphere 
more towards the west. If these assumptions are admitted, this 
theory will adequately explain all that was formerly known with 
regard to the various phenomena of terrestrial magnetism as well 
as the principal regular variations to which it is subject ; yet, on 
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the other hand, it must be confessed that the researches of modem 
science have shown many bodies to possess magnetic properties which 
were not formerly believed to have any ; that for many important 
reasons, some of which will be adduced presently, it appears to 
be very doubtful whether the earth has any magnetic axes ; and 
whether the interior of the earth is the seat of magnetic influence 
at all is still more so. One of the most weighty objections to 
this theory is to be found in the now well ascertained diurnal and 
annual variations in the magnetic declination and dip, which the 
observations of the Magnetic Association have proved, to coincide 
with one another remarkably in different parts of the world. 
This discovery, added to the tact that the northern point of mag- 
netic convergence very nearly agrees with the point of the earth's 
minimum superficial heat, and the evident influence of that agent 
on the phenomena of the earth's magnetism and on magnets in 
general (see § 452. and 462. ), have led to the construction of 
another^heory, which seems to afford a more natural explanation 
than is furnished by Hansteen's hypothesis. The main features of 
this theory are, that the earth's crust, and not its interior, is the 
seat of magnetism ; that in the northern hemisphere a north, and 
in the southern a south magnetism predominates — the intensity 
in each case increasing from the equator towards the pole, but 
not uniformly in the two hemispheres. The resultant of this in- 
fluence at any point on the earth's surface is caused by the separ- 
ation of the two magnetic fluids in the component particles of the 
earth. The depth to which this supposed separation extends is 
intimately connected with the mean heat of the earth's crust, if it 
Is not actually consequent upon it. According to this theory, 
axes and poles have no actual existence ; but are merely mathe- 
matical ideas, which represent to our minds the places where the 
influence of the single forces is combined. The impartation of 
this force will naturally be subject, through the excitation of heat 
by the sun, to constant variations, which will return as period- 
icEdly as the action of the sun itself. The changes in the earth's 
magnetic powers are accordingly held to be dependent on the 
temperature of its surface ; the diurnal variations being caused by 
the daily increase and decrease in the temperature, and the annual 
variations by the periodical fluctuations above and below the 
mean annual temperature. The position and form of the magnetic 
equator, and especially the whole system of the isoclinic curves, is 
regulated by the distribution of heat in the two hemispheres. 
Lastly ; the nature and degree of the needle's declination and the 
position of the isogonic lines are explicable if attributed to the 
local temperature. 

No direct evidence has yet been obtained to show whether 
magnetism is confined to our earth and the substances it contains, 
or whether this agent is common to it with the other heavenly 
u 4 
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bodies. Some pbilotophera are of opimon that they bsTe detected 
traces of its operations in them ; and certainly the points of resem- 
blance, as to form, motion, the position of their axes, Bte, an>ong 
the planets are so numerous, that we are disposed to think that 
magnetic influence extends even far beyond the limits of our 
solar system. 

lY. THE ARTIFICIAL PRODUCTION OP MAGNETISM, THE MEANS OP 
EXCITING AND INCREASING IT, AND THE DIFFERENT METHODS BY 
WHICH TO ENFEEBLE OR DESTROY IT. 

§ 452. 

The tnten$ity of the magnetism of which any magnetizable body 
is susceptible, depends on the coercive power (§ 441.) of the sub- 
stance composing it. The less this force or the resistance which 
a body is able to offer to the separation of the magnetic fluids, 
the more easily is it magnetized — the more readily too does it 
lose the whole or a part oi the magnetism it had acquired. The 
greater the coercive power, or the more powerful the resistance 
offered, the more difficult is it to magnetize the body, and the 
longer does it retain the imignetism imparted to it, t. e. the longer 
does it hold the two fluids asunder. In tion«magnetizable bodies, 
this resistance altogether prevents their receiving magnetism ; in 
Ruch as are magnetizable, on the contrary, it is the cause which 
to a certain d^ree maintains the separate condition of the two 
polar forces. According to Barlow's experiments, pure soft iron 
offers the least resistance to magnetization, next soft steel, then 
hardened steel, and lastly cast iron. 

Repeated observations have shown, that the resistance of mag- 
netizable bodies is greatly modified by heat ; that by rabing their 
temperature this resistance is lessened ; so that, for every body of 
this class, there exists some particular temperature, at which it is 
entirely destroyed. On being heated to diis point the body be- 
comes insensible to the most powerful magnetic influence, and is 
consequently incapable of being magnetized. The limit at which 
iron and steel continue' susceptible of magnetic influence, is a 
deep red heat of about 1400° Fahr. When very near this tem- 
perature, they still retain a coercive force, which enables them to 
acquire' the most powerful magnetism ; but if heated beyond this 
point till they become white, they both lose all sensibility to 
magnetic influence. Thus heat seems to exert a controlling 
power over a body's capability for yielding to magnetic in- 
fluence ; it does not appear that heat ever induces magnetism ; it 
is merely a modifying cause, and the different degrees of mag- 
netic susceptibility depend on the cohesive force of the substance 
as affected by heat. 
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There is also a limit to the quantity of magnetism, that a body- 
can receive and retain. This limit is called the point of magnetic 
-seauratton, and from what has been just advanced, it is evidently 
•dependent on the coercive power of the substance. Whether any 
particular body has or has not attained this point, depends on the 
intensity of the magnetic influence to which it is subjected, and 
:also on the length of time it has been in operation, for if the 
Ibrce be too feeble, and the time too short, the point of saturation 
will not be reached. A body may even be overcharged, i. e. so 
extreme a tension of its magnetic forces may be induced, as can 
be maintained only whilst the body is acted upon by the magnet- 
ising body ; and on the removal of the latter, the coercive force 
more or less slowly regains a portion of its power. The polar 
focees are maintained in an effective state by connecting the 
poles of the magnet with some other body, such as soft iron, of 
lower coercive power than itself. 

Hence, whenever we wish to excite a mere temporary magnet- 
ism, we employ pure soft iron ; but when we desire the magnetism 
to be permanent, we use hardened steel. All artificial magnets 
are made of hardened steel, though nickel and cobalt may also be 
rendered permanently magnetic. 

The steel best suited for artificial magnets is of a fine 
^ain, of uniform structure throughout, and free firom flaws. 
A principal requisite is, that it should possess a pr9per (^« 
gree of hardness, and that it should be equally hardiened ^ 
throughout the entire mass ; for, if too hard, it is e^trent^y "" 
difficult to impart to it any magnetic virtue ; and if tq^ loft,"^ 
it readily loses it when given. It has been found iliost ad- 
vantageous to make the steel in the first instance britttfe, like > 
glass, and then to heat it a second time, till it becomes of a 
straw, or violet colour. 

The capacity and tenacity of artificial magnets are also 
affected by their form and dimensions. It has been ascer- 
tained that the breadth of a bar magnet should be about 
one-twentieth of its length, and its thickness from one- 
fourth to one-third of its breadth. In a horse-shoe magnet, 
the space between the two poles ought not to be greater than 
the thickness of the bar of virhich the magnet consists. 
Lastly; it is necessary that both bar and horse-shoe magnets 
be well polished, and that their &ces be as level as possible. 
The poles of a magnet, wheff not in use, should be in 
contact with a keeper, especially the poles of a horse-shoe 
magnet The keeper tends to maintain, and even exalt, the 
power of the magnet, whose poles are thus employed in pro- 
ducing the opposite magnetism in the respective ends of the 
keeper, which should be made of the purest and softest iron. 
The keeper should be in absolute contact with the two poles 
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of the horse-sboe ma^et, or with the oppodte poles of two 
bar magnets, which should be placed in a line. 



§ 453. 

There are various methods of magnetization, but the most 
effectual are, of course, such as most quickly and completely 
overcome the resistance. Those known as yet are — 1 . ) By im- 
mediate contact with magnets, either natural or artificial ; 2.) by 
induction, i. e. by being brought into the vicinity of such mag* 
nets ; 3.) by various mechanical manipulations ; 4.) by the solar 
rays ; 5.) by electricity. 



§ 454. 

The most common and the readiest method of magnetization is 
that first named. It admits of three modifications ; that is to say, 
the bar to be magnetized may have the magnetic virtue impart^ 
to it by mere eontiict with another magnet, or by drawing the pole 
of the latter along its surface, or by being held in contact with 
the pole of a magnet, and then being struck with a piece of 
soft iron. 

By mere contact the end of the steel which touches the pole 
of the magnet acquires a dissimilar magnetism to that of the 
pole with which it is in contact, and its other end acquires a 
magnetism similar to that of the pole. The magnetic equili- 
brium of the body is disturbed by the pole at the point of con- 
tact, the dissimilar magnetism is attracted, and the similar 
repelled ; and if the body's mass is not too large, this effect is pro- 
pagated throughout the whole of the body. 

FirMt Expt. Touch one end of a sewing needle with the 
north pole of a magnet ; on separating them you will find 
that the end which was in contact has become a south pole, 
and the other a north pole. 

Second Expt, Touch a needle in the middle with the 
north pole of a magnet, its middle will be a south pole, and 
its extremities will be north poles We have thus obtained 
a magnet with three poles, and in a very simple manner an 
astatic needle of more or less accuracy. (§ 448.) 

Third Expt. On a <ftar polished steel surfiuie draw any 

figure whatever with the pole of a powerful magnet, then 

sprinkle iron filings upon the plate, and they will remain 

suspended wherever the magnet has passed. 

The magnetism thus imparted is, however, less powerful than 

that communicated by drawing the pole of a magnet several 

times along the bar which is to be magnetized, llie touch is 
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said to be single or doublet according as it is effected with one pole, 
or with the opposite poles of two magnets at once. 

The process may be explained in accordance with the 
theory advanced in § 441., if we suppose the pole of the magnet 
which is drawn along the bar of steel to separate the polar 
forces in every particle of the steel in such a manner, that 
the opposite magnetism to its own is excited in the direction 
in which it is moved. This motion will correspond exactly 
to that which may be observed in iron filings, strewed on a 
smooth plate of glass, when a magnet is passed along the 
uiTder-surface of the glass. At the points above the poles, 
the particles of iron are seen to stand upright, the ends next 
the pole have an opposite magnetism to it, the ends more 
remote a similar magnetism. As the pole of the magnet is 
moved forward, the particles of irop &11 down so as to turn 
their dissimilar poles to the pole of the receding magnet. 

The single touch is performed by placing one pole of a 
magnet in the middle of the steel bar, and then drawing it 
evenly along to the end of the bar ; when it has reached the 
end, the magnet is returned again through the air to the 
middle of the bar, and the stroke is repeated in the same 
direction. When this has been done several times, place the 
other pole in the middle of the bar, and proceed as before. 
Two magnets may be placed together with their dissimilar 
poles in the midcUe of the steel bar, and then be moved in 
opposite directions towards its two extremities. Each end 
of the bar which has been thus treated becomes a pole 
opposite to that with which it has been stroked ; i. e. the 
end which has been operated on with the north pole of the 
magnet becomes a south pole, and vice versa. The bar will 
be impregnated more powerfully if its ends are laid on the 
poles of two magnets so that contrary poles of the bar and 
of the magnets may be in contact. This is the mode most 
generally adopted in forming an artificial magnet to be used 
as a needle. 

To magnetize a bar of steel by means of the double touch, 
two bar or norse-shoe magnets are fastened together, so 
that their dissimilar poles may be about \ of an inch asunder. 
This will be done most conveniently by inserting a small 
wedge of wood or paper between them, and tying the 
magnets together. The apparatus thus arranged is placed 
vertically on the middle of the steel bar, and is then drawn 
towards the end of it, care being taken that neither of the 
poles glides over the end of the bar ; the magnet is then re- 
turned towards the other end, and so on. Instead of thus 
combining two bar magnets, a horse-shoe magnet may be 
used if it^ poles lie pretty near together. In either case, 
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the process is concluded by drawing the magnet only half 
way along the bar, and then sliding the magnets offside- 
ways. The poles will be dissimilar to those of the magnet. 
It will be found advantageous to lay the ends of the bar on 
the poles of two magnets in the same way as when the ^ngle 
touch is used. The cross touch is merely a modification 
of this experiment, by which the operator is enabled to 
magnetize two bars of steel at once. This can, however, be 
better i)erformed otherwise, as we shall explain presently. 

A bar in the form of a horse-shoe b very readily magnet- 
ized, as its two ends are easily connected by means of a 
keeper, whilst the magnet is being drawn across it, and thus 
the point of saturation is sooner arrived at The methods 
already described can be applied to the magnetizing of bars 
in the form of a horse-shoe ; but the following mode, invented 
by Hoffer, is superior on account both of its simplicity and 
effectiveness. 



Fig. 141 a. 



Ftp. 141 6. 



3?: 



If there be only one horse-shoe N to m&gnetize ( Jig. 1 41 a. ), 
it will be best to set it flat on a table, and laying against its 
ends a piece of iron as a keeper K, place a horse-shoe 
magnet M, whose legs are at exactly the same distance 
asunder as those of the bar to be magnetized, with its poles 
perpendicular to the keeper ; and holding it still in this posi- 
tion, draw it along towards the bent part of the horse-shoe, 
on reaching which the magnet is to be tfirought back to its 
original place on the keeper without touching the bar as it 
returns. It is then to be drawn as before along towards the 
curved part of the bar. After this has been performed from 
four to six times, the steel will generally be found to have 
acquired k pretty strong magnetic power ; the polarity of 
each leg will be similar to that of the leg of the magnet 
which stands on it. The touch may be performed in exactly 
the opposite direction, the magnet being drawn (M,^^. 141 6.) 
from the curved part N of the horse-shoe towards its ex- 
tremities, and in this case the keeper will not be required. 
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Fig. 142. 



Each leg too will acquire an opposite magnetism to that of 
the pole which rests on it If it is wished to magnetize two 
equal horse-shoes at once, they are placed, as shown in^^. 
141 6., with their ends close together, so as to form a sort of 
ellipse, and the magnet M is drawn from end to end. — If 
the magnet be large and heavy, say lOlbs or more in weight, 
these manipulations would be difficult, or altogether imprac> 
ticable. The arrangement made by Von Vest may, therefore, 
be adopted with convenience. The magnet M {fig. H2.) is 
laid on a table, so that its poles project over the edge ; it is 
secured in its position, either by means of clamps, or by 
putting a heavy weight on the bent part of it. Then hold 
the horse-shoe N you desire to 
magnetize in a vertical position 
against the magnet, a keeper being 
previously held to the ends of the 
horse-shoe. Be careful that the 
end intended to be made the north 
pole of the horse-shoe be in con- 
tact with the north pole of the fixed 
magnet. Now press the horse- 
shoe down in the direction indi- 
cated by the arrows in the diagram 
till the curved part touches the 
poles of the magnet; then invert 
the shoe, so that the keeper comes 
uppermost ; place the similar poles 
together, and move the horse-shoe 
upwards till the curved part again 
touches the poles of the magnet. Once more reverse 
the position of the plate, so as to place it just as when the 
operation began. The process may be repeated so long as 
is requisite, care being taken to keep the similar poles 
together. The touch may in this case be reversed, and the 
keeper may be dispensed with, only minding to put that 
leg of the plate which is marked for a north pole against the 
south pole of the magnet. With regard to the relative 
efficiency of these different modes of touch. Von Vest's ex- 
perience goes to prove, that it depends on the individual 
peculiarity of the steel itself, as he found that some plates 
were more powerfully magnetized by the first method, and 
others by the second or third. Von Mohr*s method is pre- 
cisely the same as Hoffer's second, excepting that before the 
magnet is detached from the horse-shoe it is used to im- 
pregnate, a keeper is placed against each of them. 

This method of touch may also be employed for mag- 
netizing two or more bars at once. For this puipose lay 
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them on a table parallel to one another, and place a horse- 
shoe magnet with its poles perpendicularly on them, as 
shown in^. 143., near one of the keepers, by which the 
ends of the bars are connected. Draw the magnet along the 
bars to the other end over the keeper, and return it without 
touching the bars to its original place, and repeat the process 
a few times. Turn the bars over and treat the other side in 
like manner, without, however, breaking the connection 
established by the keepers. Those ends of the bars, first 
touched by the magnet, will have the same polarity as the 
poles by which they were respectively touched. 

Fig, 143. 



^£ 



S 



u 



A peculiar variety of bar magnets is that known as the 

transverse magnet, whose poles are not at the ends but at the 

sides : these magnets have always some even number of polar 

lines. They are made by thrusting 2, 4, 6, &c bar magnets 

through a ring in the direction of its diameter, and with 

their unlike poles opposite each other ; a sufficient space is 

left between these magnets to pass the bar between them 

which you desire to magnetize, so that it may touch them as 

it is drawn through. 

A third method is to place the bar you wish to magnetize 

aga'mst the pole of a magnet, and then draw a piece of soft iron, 

sucli as the keeper of the magnet, from it several times along the 

bar. By this method a magnetism may be imparted, at least as 

powerful as by either of the former. 

The following will be found the most convenient arrange- 
ment : — Lay the magnet, a horse-shoe will be found the 



Fig, 144. 

A 



(2 
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best, on a table as shown vafig, L44. MM; against its poles 



Digitized by CaOOQ IC 



MAONSnZING BT MKANS OF THK KECPKIU 303 

lay the two bars B B, the dimensions of whose ends should 
correspond with those of the magnet : connect the more re- 
mote ends by means of a keeper K. Now ]ay the other 
keeper A, by means of which the magnetism is to be im- 
parted on the poles of the horse-shoe magnet, across the bars, 
and draw it evenly along to the other end, as shown by the 
arrows, until it becomes parallel to the other keeper, when it 
must be again put in its former position, taking care in 
replacing it not to touch the bars ; and continue this process 
some five or six times, when the bars must be turned over to 
be magnetized in like manner, the keeper at their extremities 
not being disturbed. The operation is now completed : the 
horse-shoe magnet should now be closed by means of a 
keeper, and the bars should be disengaged from it by slip- 
ping them off sideways. The bar magnets thus formed will 
be found to have at their points of contact with the horse- 
shoe magnet an opposite magnetism to it, agreeably to the 
laws of magnetic induction: this is shown in ^^. 144., by 
the symbols + and— 

To ma^etize a bent piece of steel by this mode, it must 
be laid as is shown in^^. 145., with its two ends in contact 
with the poles of a powerful horse-shoe magnet, the ends 



Fig, 145. 
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being previously marked ; place the dissimilar poles together, 
and the two horse-shoes will enclose a space. The feeder is 
now to be drawn along the horse-shoe just as it was drawn 
along the bars ; when it reaches the curve it is to be replaced, 
and the process repeated : turn the whole over without se- 
parating the poles, and treat the other side in the like 
manner. 

This mode may be adopted with advantage on account of 
its simplicity, and the ease of the manipulation, as the keeper 
can be more readily moved than the magnet, if it be of large 
size. Experience has further shown it to be very effective. 
As far as I know, this mode has not yet been generally used. 
Jacobi, the philosophical instrument maker of Dresden, 
communicated it to me not long since ; he assured me that 
he had been able, by this manipulation, to impart powerful 
magnetic properties to steel bars, which he had failed to 
magnetize to any extent by other modes ; that his plan was 
to present one of the poles of the bar he wished to magnetize 
to one of the poles of the horse-shoe magnet which was to 
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impart the magnetism, taking care that they should always 
be dissimilar poles, and then to draw the keeper along from 
the magnet over the bar. Jacobi did not close the poles of 
the bars which were not in contact with the mi^et by 
means of a keeper ; but I have repeatedly performed the ex- 
periment, and have always found that by connecting both 
poles the intensity of the magnetism was considerably in- 
creased. The efficiency of this mode of operation will be 
obvious on considering the following results : — I procured 
a steel bar weighing 1 lb. I bent it into the form of a horse- 
shoe, and stroked it 6 times according to Hoffer's method ; it 
was then able to carry 2 libs. 9 oz., or 21*56 times its own 
weight : it was then deprived of its magnetism, and was mag- 
netised a second time by 6 strokes of the feeder ; it now carried 
26 lbs. 9oz., or 26*5 times its own weight : it was a second 
time deprived of its magnetism, and after receiving 6 strokes 
according to Hoffer's method, it carried the same w^ht as 
at 6rst. 

Fisher says, that to impart to steel its maximum magnetic 
intensity, it should be heated over charcoal, or upon a hot 
iron plate, not, however, to such a degree as to render it soft. 
When the temperature has been thus raised the bar is to be 
stroked until it has cooled down to the temperature of the 
surrounding atmosphere. Theory, would have led us to 
expect what practice confirms, that, by raising the tempera- 
ture of the iMr, we diminish its coercive power, and accord- 
ingly increase its susceptibility of magnetic influence. (§ 452. ) 
The manipulation is by this means rendered unavoidably 
tedious. 

§455. 

Whichever of these different modes we may adopt for impart- 
ing magnetic virtue to a steel bar, th$ power of the magnet we 
employ, and the size or mass of the bar to be magnetized, will 
decide whether the maximum intensity will be attained or not. 
If the magnet have but a low power, it will excite but a feeble 
magnetism; but if several such magnets be arranged with. their 
similar poles together, their power will be increased, and a more 
intense magnetism will be imparted by using this compound 
magnet. Both bar and horse-shoe magnets admit of being thus 
combined. 

For instance, impart to several horse-shoe bars a feeble 
magnetic power, and then lay them with their similar poles 
one above the other. When thus combined, they will act as a 
l>owerful magnet, and may bd made to impregnate still, more 
strongly a second magnet Detach one of the plates from the 
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Fig. 146. 



6rst compound magnet, and put in its place the one you 
last magnetized; magnetize the plate you have separated, 
a second time with the compound magnet ; by this means 
its power will be greatly increased ; replace it, and detach a 
second plate, and so on, till each has been operated on in 
like manner, and you will thus obtain a compound magnet 
of much higher power than it at first possessed. To form a 
compound bar-magnet the bars should be- laid with their 
similar poles one on the other, and their ends should be con- 
nected by a piece of soft iron. A compound horse-shoe 
magnet consists generally of a number of plates of equal 
width and breadth, but of unequal lengths and intensity, the 
longest and most powerful plate being put in the middle. 
These plates ate arranged in the same manner as the bai^, so 
that the like poles may be together, their curved ends should fit 
exactly, and the whole may be firmly bound together by three 
screws, one at the head and one at each end of the magnet. 
The keeper may be conveniently at- 
tached to the central projecting 
plate. Fig» 147. represents a magnet 
of this kind. A number of bar- 
magnets may be so put together 
as to serve the purpose of either a 
compound bar or horse-shoe mag- 
net ; that it may. act as a horse- 
shoe magnet, place a •feeder at the 
end, and divide the plates by in- 
interposihg a piece of wood, keep- 
ing half the number on each side ; 
lastly, unite the lower extremity 
also by means of a piece of soft iron. Fig. 146. represents a 
magnet of this kind. 

The most powerful compound magnet ever made was that 
constructed in the last century by Dr. Knight : it consisted 
of two parallelopipedons, each weighing 500 lbs., and con- 
taining 240 powerful bar-magnets, 5 feet in length. With 
this apparatus he is said to have reversed almost instan- 
taneously, the poles of any natural or artificial magnet, or 
if the other poles were offered to have most pdwerftiUy in- 
creased their force. 




§456. 

The power of a magnet is estimated by the weight its poles are 
able to carry. Each pole singly is able to support a smaller, 
freight than when they both act together by means of a keeper, 
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for which retton hone^oe magnetf are sap«rior to bar-magnets 
of similar dimansbns and cbaraoCer. It has ftirther been aseer- 
tained that small magnats hata a mueh greater rektiTe forca than 
large ones. 

When magnetism is eioited in a pieee of steel tn the 
ordinary mode bj frictioA with a magnety it wonld seem that 
its inductire power is able to overcome the ooereire power 
of the sted, only to a certain depth below the surfooe; hence 
we see why snudl pieces of steel, especially if not rery hard, 
are able to eanry greater relatiTC weights than large magnets. 
Sat Isaac Newton wore in a ring a magnet we^hing only 
3 grainsy-whioh would lift 760 grains, i, «. 250 times its own 
weight. 

Bar-magnets are seldom found capable of carrying more 
than their own weight, but horse-shoe magnets of similar 
steel wiU bear considerably more. Small ones of from 
I an ounce to 1 ounce in weight' will carry from 30 to 40 
times their own weight, while such as weigh from 1 to 2 lbs, 
will rarely carry more than from 10 to 15 times their weight. 
The author found a 1 lb. horse-shoe magnet that he impreg- 
nated by means of the feeder, able to bear 26^ times its own 
weight ; and Fischer having adopted the like mode of mag- 
netizing the steel, which he also carefully heated, has made 
magnets of from 1 to 3 lbs« weight! that would carry 30 
times, and others of from 4 to 6 lbs. weight that would carry 
20 times their own weight. Both the form and material of 
the feeder seem to influence its capacity for conveying the 
magnetic influence. It should be of the purest iron, and per- 
fecdy free from carbon ; its hce should foe very smooth, that 
the contact with the pole of the magnet may be as complete 
as possible; and its form should be rounded, so as to re- 
semble a cylinder. Until lately the construction of com- 
pound magnets of extraordinary power has been rather a 
matter of curiosity and dilettantism than of any practical 
utility ; but since the invention of the electro-magnetic ma- 
chines, in 1833, a necessity has arisen for the construction of 
powerful magnets, and hence it has become of importance 
to ascertain the most certain and expeditious methods of im- 
parting magnetic virtue. 

M. Hacker, the philosophical instrument maker at Niim- 
berg, has discovered a law, the accuracy of which is con- 
firmed by Ohm, for calculating from the weight of a horse- 
shoe magnet the load it will carry ; or if the load be given, 
the weight of the magnet. This iaw he arrived at after 
performing a great number of experiments with horse-shoe 
magnets of all sizes, which had been magnetized to the point 
of saturation. (§452.) 
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Let n be the ratio of the magnet's suspensire power to its 
weight, W its mass or weight, then 

I.) o=nyW 
or log. o=«log. n + i log. W ; 

a being a constant magnitude, which expresses the suspensive 
power of a magnet of some certain weight, which is assumed 
as the unit. M. Hacker selected 1 Bavarian loth:=:^ oz. 
English very nearly (the Bavarian lb. being Uf ths of the lb. 
avoirdupois, and the loth being the 32nd part of the lb. ). From 
his experiments with a great number of horse-shoe magnets 
he found the mean value of log. a= 1*600. 

The above equation may be therefore converted thus : — ■ 
1 '600 = rog. n + J log. W J ounces ; 
Whence for the ratio of its suspensive power, 

log. »=1'600-J log. W 
and for the weight, 

log. W=S(l-600-log. n). 
Mow let z be the weight it will carry, then for n in equa- 
tion I.) substitute ^ and we have 
z 

and, consequently, for its suspensive power, 

hence it is seen that the suspensive power z increases as the 
square of the cube root of the mass : and the first equation 
shows that the ratio of the suspensive power n is inversely 
as the cube root of the mass. 

Let- w W express the weights, and z Z the suspensive 
powers of two magnets, then they are to each other as 

ir» : w«=2» : z», 

or with equal values of a, the squares of the weights or 
masses of borse-shde magnets are as the cubes of their sus- 
pensive forces. 
To estimate exactly the intensity of magnetic forces, especially 
of small magnets (such as compass-needles), or to investigate the 
difference of such forces, we must have recourse to some other 
mode than that of finding the loads they would respectively carry. 
The most correct method is by means of Coulomb's Torsion 
Balance (§ 92.), or by experimenting on the oscillations made, as 
described in § 449. 

The measurement of the magnetic intensity by the vibra- 
tions a needle performs depends on the law, that the force 5y 
X 2 
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the exertion of which a variatum needle thmt hat been diverted 
from itt nomud position can he restored again to that patiikm. is 
proportional to the square of the oscillations made by the needle j 
i. e. in other words, if this is effected by two or more forces, 
their intensities are to each other as the square of the number of 
oscillations completed in equal times by the same needle, or they 
are inversely as the squares of the times of the oscillations, viz. 
the number of seconds required to compHete the same number of 
oscillations. (§449.) 

If a common variation-needle be employed to measure the 
intensity of the pole of any magnet, it must be borne in 
mind that two forces act upon the needle to cause it to 
vibrate, viz. the earth's magnetism and also that of the par- 
ticular pole, which is the subject under investigation. Now, 
to discover the influence of the latter force only, we must 
observe how many oscillations the needle makes in a given 
time under the operation of the earth's directing force alone, 
and deduct this number from the whole number of oscillations 
performed in the same time under the combined operation of 
this force and that of the magnet. 

To perform this experiment the needle must be deflected, 
by means of a bar-magnet of but a small power, some 20^ 
from the magnetic meridian; this magnet should then be 
withdrawn, and the needle will be acted on solely by the 
earth's magnetism. The time, measured by a correct seconds' 
watch, during which the needle performs a certain number 
of oscillations, will serve to measure the intensity of the force 
with which the earth's magnetism acts upon it. 

Now, subject the needle to the action of the magnet you 
desire to test, by bringing one of the poles of the latter near 
the opposite pole of the needle ; the magnet should be held 
in the meridian of the needle, and in the plane of the needle's 
vibrations. When the needle has been thus deflected, it 
oscillates under the influence of two magnetic forces, viz. of 
the earth and of the magnet Count, as before, the number 
of seconds required by the needle to accomplish the same 
number of vibrations as before ; the time will of course be 
less. You have now the means of measuring the sum of the 
two forces ; subtract from it the force found by the flrst 
experiment, and the remainder will give the force with which 
the pole of the magnet acts on the needle. 

To illustrate tiiis still more clearly, we will suppose that 
to perform 20 oscillations under the influence of the ter- 
restrial magnetism alone, a needle requires 100 half seconds, 
then the measure of the earth's magnetic force is 
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Next, suppose that the same needle,, under the combined 
influence of the earth*s magnetism and that of the pole of a 
certain magnet, performed 20 oscillations in 50 half seconds, 
then the sum of the two forces would be expressed thus, 

Subtract the former measure from the latter, and we shall 
have the measure of the magnefs force, viz. 

2^- lofeo- "' 0-0004-0-0001 =0-0003 ; 

hence in this instance, the force exerted by the pole of the 

magnet alone upon the needle is to that exerted by the earth 

as3 : 1. 

Now, if the needle be deflected in a similar manner by the 

pole of a second magnet held at the same distance from it. 

and it is found to make 20 oscillations in SO half seconds, 

then the measure of the intensity of this pole's magnetism 

will be 

J_ _1 1^ 1 0-00101 • 

30»* 100" ""900 ""10,000 ' 

whence the power of this second magnet is to that of the 
other as 101 : 30. 

This experiment may be performed as well on two, three, 
or more points of the same magnet as on two, three, or more 
separate magnets, minding, not only to keep the same distance, 
but also to elevate or depress correctly the vertical bar or 
the leg of the horse^shoe magnet, in order to test the in- 
tensity of the various points of the needle. •— It is convenient 
in all these calculations to assume the earth's magnetism 
to be unity, and to represent the other magnetic forces 
relatively to it. Thus, in the illustrations given above, 
the pole of the flrst magnet at the particular distance would 
be said to exert 3 times, and .the second 10*1 times the force 
which the earth itself does on the needle. 

The followin^^ formula will furnish us with a general 
method of expressing the intensity of the pole of any mag* 
net t — 

1 1 T«--f 

and if we put the earth's magnetism as unity, 

~¥~> 
T being the number of units of time (seconds, half-seconds, 
&c.) which the needle requires to accomplish a certain 
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number of oscillations under the influence of terrestrial mag- 
netism alone, and t the time in whidi it performs the same 
number of oscillations under the combined influence of the 
earth and the magnet under investigation. 

M. Hacker, of Niirnberg, has also discovered a law by 
which to calculate for bar and horse-shoe magnets the time 
of their vibrations, and consequently their magnetic inten- 
sities. Let I and L be their lengths, w and W their weights, 
t and T the times of their oscillations ; then the following is 
the proportion he found to exist : — 

and as the magnetic intensities, m and M, are indirectly, as 
the squares of their times of oscillation, it follows, 



(•"^f)' (-^^s 



t. e. the intensities of bar-magnets are proportional to the 
-cube root of the product squared of their length into their 
width. 

By similar experiments on their oscillations, Coulomb 
had deduced his law, § 440., that the attractive forces de- 
crease with the increase of the distance. Thus, by this 
mode of investigation, he found that a needle, which under 
the influence of terrestial magnetism alone performed 15 
oscillations in 1 minute, made 24 such oscillations in the 
same time, when he held the opposite pole of a magnet ia 
the plane of its magnetic meridian at a distance of 8 inches ; 
and 41 oscillations when the distance was only 4 inches. In 
this case, the distances were as 2 to 1, and the attractive 
forces of the magnet as 24'— 15' : 41'— 15'b351 : 1456, or 
nearly as 1 to 4. 

If the torsion halanee (Jig, 36. Vol. I. p. 95., the theory 
of which has already been explained in § 92.), be used as a 
magnetometer, to verify the preceding law, th^ for the bar 
Id substitute a magnetized needle, which is to come to a 
state of a rest in the magnetic meridian, without the wire 
being thereby twisted. Now, bring this needle in the plane 
of its oscillations, turning it towards the similar pole of a 
magnet, and repulsion will, of course, ensue. We will 
suppose the angle of repulsion to be 24<5, and if we give to 
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it an opposite torsion of S x 360 » 1080^, the deflection would 
be only 17^. But by the preceding experiments we already 
know that if the magnet of a torsion balance be turned 35^, 
it will be deflected about^ 1^ from its polar position ; if its 
deflexion be 24^, then the torsion it has suffered must be 
24 X 35 =840° ; if it be 17®, 17 x 35=595. Hence the de- 
flecting power which causes an angle of repulsion of 249 
is to that which causes an angle of repulsion of 17®, as 
24 + 840 : 17 + i080 + 595 « 864 : 1692, or nearly as 
1 : 2, whilst the squares of the deflections will be as 24' 
: 17* =576 : 289, or nearly as 2 : 1. 

By means of this apparatus, the intensities of different 
magnets may be proved. For this purpose, deflect the 
needle of the torsion balance by the pole of the magnet 
under inrestigation, some certain distance from its normal 
position.' By turning the wire in the opposite direction, 
the needle can be carried back to any angle of deflection 
whatever. With the pole of another magnet, or with some 
other part of the same magnet, proceed as befdre, taking, 
care that the force shall act &om the same point in each case, ' 
and that the needle is brought back to the same point. Then 
the intensities of the two magnetic forces are as the angles 
of torsion of the wire. For instance, if the needle must be 
turned back to 90®, in order that the magnet m should 
deflect it 10®, and if it had to be turned 290® for another 
magnet M to deflect it as much, then the intensities of these 
two magnets would be as 90 + 10= 100 to 290+10=300, or 
as I : 3. 

§ 457. 

We have already (§ 438.) stated that magnetism may be in- ^ 
duced in bodies susceptible of this influence, by merely bringing 
them within the atmosphere of either a natural or an artificial 
magnet : the part nearest to the magnet acquiring an opposite 
polarity to that of the pole, within whose fnagnetic circle it is 
placed. 

This mode of exciting magnetism is far less effective than 
either contact or friction. It is more powerful in its influence 
on soft iron than on steel, for reasons already assigned (§ 452.); 
but in both, its effects are but temporary. — The experiments 
described in § 439. are a proof of this. 

Terrestrial magnetism especially operates in this manner upon 
^ bodies susceptible of this influence, as is seen in the magnetic 
properties acquired by bars of iron or steel placed in a vertical 
position, or better still, in the direction in which the directing 
force of the earth's magnetism acts. (§ 447.) Bodies so placed in 
the northern hemisphere have their upper extremities converted 
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into Boutb poles, and their lower ends into north poles. As far 
as polarity is concerned, these' circumstances are reversed in the 
other hemisphere. — ^ As a proo^ see the experiment given in 
§446. 

§458. 

Soft iron becomes magnetized by a variety of mechanical 
operations, which probably have the effect of disturbing the 
magnetic equilibrium of its constituent particles. Thus, an iron 
bar acquires magnetic properties by striking, filing, twisting, 
cooling rapidly, &c. ; and it is a well known fact that iron and 
steel tools, such as gimlets, nail-passers, files, and the like, after 
having been some time in use, become so far magnetized as to 
take up iron-filings : an iron bar will be most quickly magnetized 
if subjected to such treatment while h^Id in the positioa of the 
dipping-needle. 

First Expt, Hold an bon bar, about two feet long, in the 
position of the dipping-needle, and strike its upper end 
smartly with a hammer; its lower end will immediately 
become a tolerably powerful north pole, and the upper a 
south pole. The magnetism thus imparted will be still 
more powerful if the lower end of the bar be placed on a 
mass of iron when struck. 

Second Expt, If a bar of iron be made red-hot, by which 
means its coercive power will be greatly lessened (§ 452.), 
and then plunged into a vessel of cold water (observing, at 
the same time, to hold it in the position of the dipping- 
needle), it will be found to be polarised, and to have acquired 
a considerable degree of magnetic force. 
From these phenomena, it appears plain that these bodies are 
in the main rendered magnetic by induction from the earth, and 
that the mechanical treatment to which they are subjected merely 
disposes them more readily to allow of the separation of the 
magnetic forces. 

§ 459. 

Some philosophers are of opinion that magnetic virtue is 
imparted hy means of the sun^s rays. The results to which the 
experiments they performed for ascertaining this point have con^" 
ducted them are as follow : -^ Small pieces of iron, or soft steel 
wire, became magnetic if they had one end polished, and if this 
end was exposed for some time to the action of the white light of 
the^sun ; if the needles were subjected to the violet ravs of the 
solar spectrum, the effect was produced still more speedily* In 
either case, the magnetism was permanent in its character, and 
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the illuminated end of the Tvire was a north pole. The mag- 
netism thus induced is extremely feeble, and the experiment has 
been successfully conducted only during the longest days of sum- 
mer, and under &vourable circumstances as regarded the state of 
the weather. These experiments have been repeated by other 
philosophers ; but the results have been doubtful, and we are not 
warranted in stating positively that the sun does possess any 
paagnetic influence* 

Morichini, in 1812, was the first who announced that h^ 
had magnetized needles by exposing them for some time to 
the action of the violet rays of the solar spectrum, which he 
concentrated by means of a lens, and threw down on the 
needles. His colleague Barlocci believed that he accelerated 
the process and rendered the magnetism more intense, by 
moving the image of the violet rays from the middle of the 
needle towards the ends, which he placed north and south, 
mdving it pretty much as we do a magnet when using it 
to Impregnate a steel bar. Mrs. Somerville, in 1 825, repeated 
Morichinrs experiments with certain modifications ; such as 
covering one half of the needle to be magnetized with paper, 
and exposing the naked half to the action of the violet rays. 
After some time she found the needle was rendered mag- 
netic, and the end acted on by the light w^ a north pole. 
Professor Baumgartner, in 1826, found that needles from 
one-third to one-fourth of a line in thickness, if they were 
polished only at one end, and were either rough or stained 
with some dark colour in the other part, were rendered mag- 
netic by exposure to the sun's rays, and that the polished 
end was invariably a. north pole. Lastly, Zantedeschi, in 
1829, verified the preceding experiments, and found that the 
needles must not be more than one-fourth of a line thick, 
and that they must not be too hard if the experiment is to 
be successful ; and lastly, that the most favourable tempera- 
ture for this purpose is from 77° to 91® Fahr. 

Shortly after Moriehini's announcement, Configliarchi 
called in question the accuracy of his statements ; and Reiss 
and Moser are of opinion that the sun does not possess the 
magnetic properties some have been disposed to attribute to 
his rays, as in a set of experiments they performed at Berlin 
in 1829, they subjected the half of a number of needles two 
hundred times to a focus of violet light, and subsequently 
tested the duration of their oscillations without finding the 
least difference to have been caused which could lead thenx 
to believe they had been rendered magnetic. 
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§4eo. 

Lastly, little more than twenty years ago It was diseovered 
that one of the most powerfiil means for exciting magnetism was 
electricity; and thus, indirectly indeed, heat was an exciting 
cause. Since, however, this does not admit of being explained 
without some acquaintance with the phenomena of electricity, all 
further remarks on this subject must be delayed till we come to 
the section on electro-magnetism. 

§461. 

The retention and increase of the magnetic influence in mag- 
nets depends on the antagonist magnetism being collected at the 
poles being secured from escapbg. In bar-magnets this is accom- 
plished by laying them with their unlike poles together ; or, 
better still, by placing a piece of soft 
Fig. 148* iron between each pair of such poles^ 

^^^^^^^^^^^^^ as is shown in jig, 148. A keeper 
1^^^"^^^^^^'^^ secured in this position, by induction 
' — ^^— ^f^/ maintains the opposite polarity at its 
points of contact with the poles of the 
magnet j thus, four pairs of antagonist poles being in contact 
strengthen each other, llie keeper, placed against the poles of a 
horse-shoe magnet, acts in a similar manner. 

The virtue of a magnet may be further increased by continually 
.adding to the load it carries. 

Lastly, it is advantageous to give to a magnet the very po- 
sition it would assume, had it free motion, as the earth's magnet- 
ism will contribute both to maintun and increase its power when 
in the magnetic meridian. 

§462. 

The magnetic properties "of a magnet are impaired by any of 
those operations, which tend to diminish its coercive power, or 
which affect the regularity of its surface, but most of all by the 
similar poles of two magnets being allowed to act on each other. 

One chief mode of weakening the coercive power is (§ 452.) by 
heating the magnet, which, if raised to a red-heat, loses all its mag- 
netic properties. — Rust also diminishes its virtue in exactly the 
same degree as it roughens the fiice of a magnet. But the rea- 
diest way to demagnetize a magnet b to draw another magnet 
along its surface in a direction the opposite to that you would 
adopt in order to impart magnetic virtue to the bar. By this 
process a magnet may be deprived of the greater part, or even of 
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the whole, of its magnetism. The following experiment will 
prove this :— 

Expi, Lay the magnet N, Jig, 142., which you wish to 
demagnetize, in sudi a manner on the magnet M that the 
dissimilar poles may be together, and then draw it down in 
the direction of thenrrows. After this has been done a few 
times, the virtue of N will have either almost or entirely 
disappeared. Similar results follow, if any of the other 
modes of manipulation be adopted, taking care to reverse 
the touch, so that it shall be exactly opposite to that used 
when you impregnate a bar. 

By continuing the process a sufficient time, you will re- 
verse the poles of a magnet. 
.Magnets also lose this power if they lie for any length of time 
without their poles being connected by means of a keeper, or if 
they are struek or jarred, but especially if the keeper is repeat- 
edly and quickly separated from them. 

Every magnet which has been impregnated with a keeper 
attached to it, has a maximum magnetic intensity, so long 
as the latter is connected with it : indeed, it is in a state in 
which it may be said to be overcharged, (§ 452.) Its power 
to support a weight b impaired most sensibly after the first 
removal of the keeper ; its loss of power is less on the second 
and every subsequent removal, until after a few times the se- 
paration of the keeper ceases perceptibly to affect the mag- 
net when it has reached its natural point of saturation. The 
power of a magnet is diminished most quickly by forcibly 
and quickly removing the keeper. To secure the efficiency 
of a magnet from being needlessly impaired, care should be 
taken to remove the keeper as seldom as possible ; and when, 
for the sake of performing an experiment, the removal is ne- 
cessary, draw it off sideways from the poles. 



§463. 

In the preceding paragraphs, the different methods have been 
described by which the magnetic equilibrium may be disturbed, 
and the polar forces excited in iron and steel, which are par ex- 
cellence magnetizable substances. Several distinguished philo- 
sophers have recently found, by experiments on their vibrations 
(such as are described^ § 456. ), that other bodies, generally con- 
sidered non-magnetizable, such as the metals which have a regu- 
lar structure, wood, glass, shell-lac, &c., acquire a temporary 
magnetism when acted on by a powerftil magnet. They are 
ftirther of opinion, that slight traces of magnetism are discoverable 
in bodies of the most varied character, if firmly connected with 
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the earth*a sur&ce ; the impregnation of these bodies they attri<« 
bute to the influence of terrestrial magnetLsm. 

From all these experiments and observations they hare drawn, 
the conclusion that, probably, all bodies on the surface of our 
earth, at least all solid bodies, may become temporarily magnetic 
in a certain degree, and that every portion of the globe, and every 
body on it, shares in the general conduction of the terrestrial 
magnetism. (§ 45 1 . ) 

The analogous phenomena of electro-magnetism and mag- 
neto-electricity, treated of in the fourth and fifth sections of 
this work, confirm this opinion. 

Coulomb, in 1802, first announced the discovery, that 
magnets exerted an influence on all kinds of bodies, whether 
in a state of rest or oscillation, from which he inferred the . 
presence of magnetism in the latter. Small bars of various 
substances, which he suspended by a piece of thread so as to 
move freely when placed between the dissimilar poles of twa 
powerful magnets, arranged themselves in the direction of 
these poles ; and when deflected from this position they be- 
gan a series of oscillations, which they performed with dif- 
ferent velocities until they again returned to their state of 
repose. Biot, Seebeck, and Becquerel subsequently re- 
peated Coulomb*s experiments, to test the presence of iron 
in other bodies. 

Hansteen is of opinion, that all bodies whatever on the 
the earth's surface have a certain degree of magnetic pola- 
rity : he thought he had observed, that a needle held near to 
the ground on the north side of a tree, post, column, &c., 
made a greater number of vibrations in a given time than 
when held on the south side ; but that the same needle, when 
presented to the upper end of the object, vibrated more ra- 
pidly on the south side than on the north side ; whence he 
inferred that all bodies had a low degree of polarity imparted 
to them by the earth's magnetism ; that their lower end in 
the ground was a north pole, and their upper end a south 
pole. 
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